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Abstract 
In the present investigation, a comprehensive set of reliable data for the 
human spine has been established, and a useful aggregation and analysis of the data 
has also been carried out. Data obtained has been presented in tabulated and 
graphical forms to allow easy comparison with other researchers' data. The new 
accurate data obtained has been used in the construction of a kidney-shaped model of 
a functional spinal unit which has been subjected to finite element testing that 
resulted in very good agreement with the results of other published models. 
A computer-based formulation for the dynamic analysis of an' inertia-variant 
spatial human body system has also been developed. The human body system is 
modelled as a multi-body system consisting of interconnected rigid, elastic and 
visco-elastic components. Each of these components is allowed to undergo large 
angular rotations. A linear visco-elastic Kelvin-Viogt model is employed whereby 
stress is assumed to be proportional to the time rate of strain. The focus in this work 
is placed on the analysis and diagnosis of lumbar and lumbo-sacral back problems 
associated with lifting activities. All human links are treated as rigid, while the entire 
lumbar spine is considered to be elastic. Flexibility of the lumbar spine is introduced 
into the mathematical model using a set of short and stubby finite elements which 
describe the behavior of the vertebrae and discs at the lumbar region and which 
accounts for both geometric and inertia nonlinearities. 
The implementation of the model and analysis of results has been limited to 
the two-dimensional case in the sagittal plane in recognition of the well known 
difficulties encountered in solving human body systems. Health and safety issues in 
material handling are currently receiving the concern of many researchers as well as 
manufacturing companies. Therefore, two case studies were carried to establish the 
importance, accuracy and validity of the model developed in this thesis. A two-
dimensional lifting task with a flexible lumbar spine formed the first case study 
whilst the second was a pushing task .. 
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NOMENCLATURE 
coordinate transformation matrix 
transformation matrix from body i coordinate system to the global 
inertial frame 
transformation matrix from body j coordinate system to the global 
inertial frame 
area of element ij 
partial derivative of the transformation matrix A' with respect to the 
Euler parameter B; 
elements of transformation matrix A' 
system damping matrix 
transformation matrix from the element coordinate system to the ith 
body coordinate system 
damping matrix of element ij 
damping matrix of body i 
transformation matrix from the ith body coordinate system to the 
element coordinate system 
damping coefficient 
is the differential operator 
linear matrix of elastic coefficient 
modulus of elasticity of element ij 
vectors of element elastic coordinates 
undeformed position of arbitrary point p if relative to the local 
coordinate system 
undeformed position of nodes k, 
undeformed position of nodes kj 
nodal displacement at node k, 
nodal displacement at node k;. 
nodal coordinates of the ijth element defined with respect to the 
xif p'! z'! coordinate system. 
undeformed position of end point i of the spring damper element 
undeformed position of end point j of the spring damper element 
rotations at node / 
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Gij 
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J" Iij Iij 
x ~ Y' z 
k' 
.If 
n' 
Q' 
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q' 
q~ 
rotations at node m 
linear matrix of damping coefficient 
resultant forces acting on element j of flexible body i 
force acting along the spring damper element 
modulus of rigidity of element ij 
identity matrix 
second moment of area about the Xij yij Zij axes 
shape function of the ijth element 
Jacobian matrix 
spring stiffness 
system stiffness matrix 
stiffness matrix of element ij defined with respect to element axis 
stiffness matrix of element ij defined with respect to body coordinates 
stiffness matrix of body i 
length of element ij 
undeformed length of the spring 
system mass matrix 
mass matrix of element ij 
composite mass matrix of body i 
mass of element ij 
constant mass matrix associated with elastic generalized coordinates 
modified shape function 
total number of elements of body i 
generalized force vector 
vector of generalized forces associated with element ij 
vector of generalized forces associated with the generalized 
coordinates of segment i 
the generalized forces associated with bodies i and j due to spring 
forces 
vector of generalized coordinates of element ij 
vector of generalized coordinates of the body i 
vector of elastic coordinates of the body i 
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oq' 
'" r 
Iq r 
r'" g 
s' 
location of node I on body i 
location of node rn, on body j 
virtual displacement 
position vector of the origin of the component axes 
global position of arbitrary point pif 
vector defined along the revolute joint axis on body i 
vector defined along the revolute joint axis on body j 
component of vector r'" in the global coordinate system 
component of vector rlq in the globai coordinate system 
vector of Euler parameters associated with body i 
infinitesimal rotations at node k, on component i 
Iq Iq Iq ex, e y , e, infinitesimal rotations at node k j of component j 
r, 
T' 
u' 
element shape function matrix 
relative position of attachment point pj of the spring and damper 
with respect to attachment point p' in the global coordinates system 
kinetic energy of element ij 
total kinetic energy of body i 
strain energy of element ij 
total strain energy of body i 
deformation at the point i of the spring and damper element 
deformation at the point j of the spring and damper element 
mass density of element ij material 
skew-symmetric rotation matrix in terms of infinitesimal rotation at 
nodal point ki of revolute joint 
skew-symmetric rotation matrix in terms of infinitesimal rotation at 
nodal point kj of revolute joint 
lacobian of the constraint equations 
the vector of Lagrange multipliers 
v 
v 
XYZ 
unit vector along the axis of rotation 
dimensionless quantity defined as .; =~ 
/ 
dimensionless quantity defined as T/ = L 
I 
dimensionless quantity defined as S = z/ 
vector of strain 
vector of stress 
vector of strain rate 
global coordinate system 
Xl yi Zi 
m m m coordinate system at node I of body i 
Xi yi Zi 
I I I 
Xiyizi 
XijyijZij 
-ij-ij-ij 
X Y z 
ow' 
ow, 
Superscripts 
coordinate system at node m of body i 
body coordinate system 
element coordinate system 
intermediate element coordinate system 
deformation of point p. with respect to element coordinate system 
position of an arbitrary point p. on element ij 
unit vectors in the X:, r,i, Z: directions 
unit vectors in the X ~, y ~ , Z ~ directions 
volume of element ij 
virtual work done by Fij forces acting on element j of flexible body i 
virtual work of the visco-e1astic forces for the ijth element 
virtual work of the forces acting on component i 
virtual work of the spring force F, 
T transpose of a matrix of a vector 
denotes differentiation with respect to time 
skew - symmetric representation of a matrix 
vi 
representation with respect to ith body 
1J representation with respect to the ijth element 
Subscripts 
r refers to reference coordinates 
f refers to flexible coordinates 
g stands for global 
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Chapter One 
1.0 Background to Research 
1.1 Introduction 
The human spine is a complex mechanical structure that protects the spinal 
cord, sustains heavy loads and provides flexibility. The human back, especially the 
lower part and in particular the lumbar region is prone to pain more than any other 
part of the human body. Low back pain (LBP) has been mainly associated with the 
handling of loads. Despite the fact that for the past two decades or so, industries have 
been extensively automated and mechanized, there still remains an appreciable 
amount of work that involves manual handling. Manual materials handling (MMH) 
involves, lifting, lowering, carrying, pushing and pulling. LBP has also been 
associated with the quantity of work, with the static and dynamic postures and finally 
with the amount of vibration the body is exposed to. 
Although all the preceding causes of LBP are true, the main contributor is 
mechanical overloading. Mechanical overloading, be it in a static mode or dynamic 
mode or both is created by handling of loads which are in excess of the maximum 
acceptable limit of an individual. Improper handling of loads can also create 
mechanical overloading. LBP is an expensive .. health. care problem, since it is 
accompanied by work loss and in some cases by disability. Reports on the 
performance and the production rates in tasks involving MMH point out that large 
expenses are incurred due to health care and back injury treatments. For these 
reasons and for the welfare of employees working in industries, many rules and 
regulations regarding MMH have been introduced, and research in this area has been 
encouraged by health and safety organizations. In this regard the National Institute 
for Occupational Safety and Health (NIOSH) has developed a lifting guide. Two 
limits of spinal compression namely the action and the maximum permissible limits 
were recommended by NIOSH. The action limit, corresponds to a compression force 
on the lumbosacral disc of 3400 N, while the maximum permissible limit was set to 
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6400 N. Exceeding the maximum pennissible limit is considered hazardous leading 
to back injuries. 
Because of the complexity of the spine structure and. the difficulty of 
conducting in vivo experiments on humans, analytical computer models have 
become popular to represent the behaviour of the spine and the associated structures 
such as ligaments, discs and facet joints incorporating the in vitro experimental 
properties. Early contributions to the discrete modeling of the human spine were 
made by Chaffin (1969); Roberts and Chen (1970); Aquino (1970); Schultz and 
Galante (1970); Orne and Liu (1971); Panjabi and White (\971); White (1971); 
Belytschko et al. (1973); and Schultz et al. (1973) to name a few. 
There is evidence that the spine may incur microdamage as a result of high 
loads in vivo. Therefore, quantification of mechanical parameters acting on the low 
back (i.e. lumbar spine) during various activities is essential in order to claritY the 
risks involved. Measuring these parameters on living subjects can not be 
accomplished except under controlled clinical conditions. Thus' in vivo 
measurements not only limit the investigations on the grounds of the risks involved 
regardless of how small or how big the risk is, but also there are ethical issues to be 
considered, as well as limitations regarding the availability of subjects who will be 
willing to lend themselves for investigations. Therefore, several biomechanical 
models have been developed to overcome these limitations by analyzing the forces 
and moments on various parts of the body especially the lumbar spine. These models 
rely on mathematical and/or computer modelling techniques and can predict 
mechanical parameters reasonably accurately if correct assumptions are made .. 
Biomechanical models require anthropometrical, geometrical and materials property 
data, which can either be determined experimentally or extracted from the literature 
or both. While most of this data is available in the literature, it is very scattered, and 
needs to be compiled and displayed in an easy to read form. 
The biomechanical models employed in the studies of forces and moments on 
the various human joints take different forms and complexities. They can be as 
simple as two-dimensional segmented linked coplanar static models (Chaffin, 1969; 
Garg and Chaffin, 1975; McGill and Norman, 1985) or can be more complex three-
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dimensional multi-segmented linked models (lager and Luttmann, 1992). The 
analyses of such models are carried out using numerical or finite element techniques 
or both. Most of the models available in the literature concentrate on the analysis of 
single or multiple motion segments. A few models, however, considered the whole 
lumbar spine or the whole spine. One major shortcoming in these analyses is that the 
segments or the spine are studied in isolation to the whole body. Therefore, no 
interaction between the segment and the body is considered. A second major problem 
amongst all of the few available studies in which the whole body analysis is 
considered is that the human spine is assumed to be rigid. While such an assumption 
could be accepted for some of the body's hard links, it is not reasonable to treat the 
spine as an isolated rigid part of the whole body system. In fact it is not enough to 
treat the spine as one flexible body and rather it should be regarded as a set of 
interconnected flexible sub-bodies that form multiple flexible integral part of the 
body which undergo large gross body rotations and which function in a well 
established coordination with the remaining parts of the body segments to provide 
the required support and stability of the musculoskeletal system. 
It is evident, therefore, that an improvement in the human motion modeling 
techniques are required in order to yield a more realistic model of the body in which 
the torso and spine could be treated as flexible. Defining the spine attributes and 
input parameters help in achieving an inverse kinematics control of the spine. 
Through the last two decades, the structure, flexibility, and fidelity of human models 
have increased dramatically. However, "the human models themselves tended to be 
rather simplified versions of real human flexibility, while, most of the available 
graphically displayed human bodies appeared to be impersonating robots with stiff 
backs, bending only from the waist. The conceptual model of the spinal column is 
derived from the medical data and heuristics related to human kinesiology. The spine 
is a collection of vertebrae connected by ligaments, small muscles, vertebral joints 
(called processes), and intervertebral discs (Bullough and Boachie-Adjei, 1988). The 
spine is basically designed for the support of the body's weight, the stability of the 
torso, flexibility of motion and the protection of the spinal cord (Anson and McVay, 
1971 and Hollinshead, 1982). The spinal column moves as a series of vertebrae 
connected by dependent joints meaning that it is impossible to isolate movement of 
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one vertebral joint from the surrounding vertebrae. Muscle groups of the head, neck, 
abdomen, and back initiate movement of the spine, and the interconnecting ligaments 
allow the movement of the neighbouring vertebrae. 
Based on the preceding discussion, it appears that none of the studies 
conducted thus far has treated the spine as an integral flexible part of the human body 
system. Therefore, the objective of the current investigation is to develop a 3D 
multibody system formulation for the kinematic as well as dynamic analyses of the 
human body system. In this formulation, all the human body links are modeled as 
rigid, while the spinal lumbar region is treated as a flexible sub-body system that can 
undergo large reference rotations. The connective tissues of the various links are 
represented using springs and dampers whose coefficients are taken from previous 
experimental investigations. Joints of the body are formulated using a set of 
nonlinear algebraic constraint equations that are adjoined to the system differential 
equations of motion using a vector of Lagrange multipliers. The dynamics of flexible 
human body systems is complex and therefore,· governed by a large number of 
differential equations that are highly nonlinear. Two sources of nonlinearities, 
namely, inertia and geometric elastic nonlinearities are considered in this analysis. 
Inertial nonlinearities are the result of the inertial coupling between the gross body 
motion and the elastic deformation of the spine. 
In sections two to six of this chapter, a literature survey on the issues related 
to the biomechanics and modeling ·of the human body is presented. In section seven a 
summary of the findings of the literature review is given and in section eight the aims 
and objectives of the current investigation are listed. 
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1.2 Anatomy ofthe back 
The spinal column consists of 33 vertebrae organized into five regions. These 
are namely; cervical, thoracic, lumbar, sacral and coccyx. The vertebrae are labelled 
. by medical convention: CI-C7, Tl-T12, Ll-LS and SI-SS. The regions listed above 
are in vertical descending order. The cervical spine lies within the neck. Also, the 
sacrum and coccyx contain vertebrae fixed through fusion. So, the mobile part of the 
torso includes the 12 thoracic and 5 lumbar vertebrae. Therefore, the torso model that 
was developed includes 17 vertebrae and 18 joints of movement. Figure 1.1 shows 
the anterior, posterior and right lateral views of a normal intervertebral column of a 
human. 
:;) :1~>] c.McaI C.McaI CVI"'OhIr. ;:'tbta. 
~IP-tt_brei. ,. 121 ..-
. 
liGHT lA TEIW. VIEW POSTU:IOI VIEW 
Figure 1.1 The anterior, posterior, and right lateral views of 
an intervertebral column (Thibodeau and Anthony, 1988). 
Four curvatures of the vertebral column of an adult can be identified and 
viewed from the side (figure 1.2). The type of vertebrae they include identifies the 
cervical, thoracic, and lumbar curves. The shape of the sacrum and coccyx forms the 
pelvic curve. The curves of the vertebral column play an important functional role in 
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increasing the strength and maintaining the balance of the upper portion of the body 
and also make possible a bipedal stance. The flexible vertebral column is balanced 
upon its base, the sacrum. In the erect position, weight is transferred across the 
sacroiliac joints to the ilia, then to the hips, and then to the lower extremities. The 
vertebral bodies contribute about 75 % of spinal length, while 25 % of its length is 
composed of disc material. The contribution by die discs, however, is not spread 
evenly throughout the spine. About 20 % of cervical and thoracic length is from disc 
height, whileapproximate1y 30 % of lumbar length is from disc height. The cervical 
part contributes roughly 20 % to the total height of the column, the thoracic 40 %, 
the lumbar 25 %, and the sacrum and coccyx IS %. 
." 
Lumbar 
vertebrae (5) 
SaC1Ul11 (I) 
'er-- Cocoyx (1) 
(a) Anterior view showing regions of the vertebral column 
POSTERIOR 
I 
, . 
'{. : 
1: 
" 
Inlervertebcal 
<fisc 
Intervertebral 
foramen 
ANTERIOR 
Lumbar CUM> (formed by 
lumbai'vertebrae) 
Sactum --:6'.SIi'Y 
/---- Sacr3t CUM! (formed by 
sacrum) 
(b) R;gtt Ialeral vlew"""ng Ioor 
no<1IIaI curve. 
Figure 1.2 The curves of an adult vertebral column 
(Tortora and Grabowski, 2000). 
The bodies of the vertebrae are weight bearing and are connected to their 
neighbours by intervertebral discs. The flexibility of the vertebral column as a whole 
depends on these discs which account for about 20 % to 30 % of its total length.' In 
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figure 1.3 an artist's drawing of a superior disc is shown where nucleus pulposus is 
shown surrounded by the concentric layers of the annulus fibrosus. The disc is 
separated from the vertebral body by two endplates above and below it. These end 
plates are thin sheets of cortical bone and relatively tough hyaline cartilage. 
Superior 'view 
Annolo, 
~b""o, 
Nodeo, 
'. lateral view 
Figure 1.3 Drawing ofa~nonnal intervertebral disc (Hall, 1991). 
Seven vertebral processes extend from the lamina of a vertebra, four articular, 
two transverse and one spinous (see figure 1.4). The processes are bony protrusions 
on the vertebra that aid and limit the vertebral motion. The transverse and spinous 
Superior 
articular 
process 
Trans,'erse 
process 
Vertebral 
foramen 
Spinous __ Lamina 
Spinous 
p<occss 
pmcess 
POSTERIOR 
Body 
InfcrWr 
articular 
p<occss 
________ ANTERIOR 
POSn:RIOR 
ANTERIOR 
Figure 1.4 The seven vertebral processes. 
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processes serve as levers for both muscles and ligaments. The articular processes 
provide a joint facet for the joint between successive vertebral·arches. 
Ligaments and small muscles span successive vertebral processes, giving the 
spinal colunm its stability (see figure 1.5). The purposes of the ligaments are, to 
limit, modity, support the articulation between the adjacent vertebral bodies and offer 
cushioning effect to relieve stress on the annulus (Schafer, 1983). Movement of the 
vertebral bodies is also limited by the relative size of the discs (Louis, 1983). 
TrcnsYeno proce ss 
(with intertransvene 
. ligomOn1) 
Vertebral canal Interspinous 
ligcment (with cord) ;dOI7;~%~~t 
Supraspinous 
ligoment 
Ugomentum 
flavum 
Posterior 
Vertebral 
body 
Ant.rior 
Anterior 
longitudinal 
ligoment 
Cartilaginous 
end-plate 
disc 
Inte~rlebral 
foramen with 
nerve root 
Figure 1.5 The vertebrae of a motion segment 
shown held together by ligaments (Hall, 1991). 
1.3 Mechanical properties 
Proper and accurate assessment of the behaviour of the spine under stress is 
not achievable without having comprehensive data on the mechanical properties of 
its motion segments. A motion segment, which consists of two adjoining vertebrae 
and their intervening soft tissues, is a basic mechanical unit of the spine (Schultz et 
al., 1979). Most of the data available in the literature were actually obtained from 
experimental investigations conducted by various researchers on cadavers (Schultz et 
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aI., 1979; Goel et al., 1987; Osvalder et al., 1990; Begeman et al., 1994 and others). 
A number of mechanical tests were carried out on various parts of the spine with the 
objective of finding out their mechanical properties. 
Data coIIected on the mechanical parameters of the spine have played a vital 
. role in the evaluation and validation of all models carried out in the literature. 
Schultz and his coIIeagues reported in a three part paper the mechanical behavior of 
lumbar spine motion segments. In part I (Schultz et al., 1979), the displacements and 
intradiscal pressure changes caused by flexion, extension, right and left lateral 
bending and torsion moments were reported. In part 11 (Berkson et al., 1979), 
responses of those motion segments in compression were considered and the effect 
of gross morphology on segment mechanical behaviour in general was examined. 
And in part III (Nachemson et aI., 1979) the influence of age, sex, disc level and 
degree of degeneration on mechanical behaviour were studied. In the previous 
studies, it was found that there was very little displacement of the segments in 
twisting, significant displacement in extension, and considerable displacement in 
flexion and lateral bending. Motion segments were also reported to have been five 
times more flexible in shear than in compression. Intradiscal pressure increases were 
found to be small in torsion or extension, and large in flexion or lateral bending. 
Finally, with posterior elements intact, the intradiscal pressure increases were found 
to be twice as much in compression than in shear for the same load magnitude. 
Excision of the posterior elements had little effect on the response to compression, 
but lead to some increases in motion and substantial increases in intradiscal pressures 
in response to shear loads. 
MiIIer et al. (1986) showed that motion segments were capable of resisting 
large loads in shear and bending. They also showed that in shear tests the segment 
stiffnesses were constant with varying load, but in bending antwisting the stiffuesses 
at high loads could be two to six times greater than that at low loads. Y oganandan et 
al. (1989) evaluated the threshold of injury to an intervertebral joint of human male 
cadavers based on its mechanical response. They reported the load, stiffuess and 
energy at the initiation of trauma for normal and degenerated segments. 
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External load on the spine is not only resisted by the disc but also by other 
elements like ligaments and facets, this was the finding of Farfan et al. (1970), Goel 
et al. (1987) and Schendel et al. (1993). Farfan et al. (1970 ) investigated the 
torsional strengths of the intact lumbar intervertebral joint and of its component 
parts. Their results suggested that its disc and the two joints between the articular 
processes, each contributing equal portion, provided about 90 % of the torque 
strength of an intervertebral joint. Farfan and his colleagues pointed out that the 
intervertebral joint might sustain injury at only 2 to 5 degrees of rotation. Failure of 
an intact intervertebral joint with a normal disc was reported to have occurred at an 
average torque of88.1 Nm with the disc of this joint supplying 35 % of the resistance 
to the torque. In their investigation Goel and his colleagues found that facets 
contributed in carrying some of the extension and lateral bending moments while the 
disc carried most of the axial loads. Pre-Ioading during lateral bending were reported 
to have reduced the load on the facet by about 35 %, but increased the disc 
compressive load by about 190 %, and reduced the ligament forces by 33 %. 
Schendel et al. (1993) demonstrated that facet loading was maximum under applied 
extension moments, torsion, and lateral bending, and minimum under flexion 
loading. The maximum posterior and anterior longitudinal ligament loading was 
reported to have occurred in flexion and extension, respectively. No ligament loads 
occurred in lateral bending, and torsion. Osvalder et al. (1990) on the other hand, 
demonstrated that individual lumbar functional spinal units can resist a combination 
of bending moment and shear force of 156 Nm and 620 N, respectively, before 
complete disruption' occurs. In their tests, the functional spinal units were exposed to 
a bending load without any compressive pre-Ioad, except for the weight of the 
loading frame and the steel fixture used. They reported the tension force on the 
posterior elements and the horizontal anterior displacement between the upper and 
lower vertebrae at failure. 
Adams and Dolan (1991) established a linear relationship between lumbar 
flexion and measured bending properties in vitro and in vivo. This enabled them to 
convert in vivo measurements of flexion into bending moments at the elastic limit for 
motion segments L5-S1, L4-L5, L3-L4, L2-L3 and Ll-L2. Osvalder et al. (1993) 
applied loads to lumbar motion segments similar to those that would occur in frontal 
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car accidents when a lap seat belt is used. Two different load pulses were applied, 
one moderate load pulse (peak acceleration 5g, rise time 30 ms, duration 150 ms) and 
one severe load pulse (peak acceleration 12g, rise time 15 ms, duration 250 ms). The 
moderate load pulse was reported to have caused residual permanent deformations, 
while the severe load pulse caused evident signs of failure at the segments. Begeman 
et al. (1994) investigated the elastic and viscoelastic properties of the motion 
segments under dynamic and quasi-static loading. They conducted shear tests on the 
functional spinal units and on a complete lumbar section (Tl2-LS) in both the 
anterior and posterior directions. Similar tests were performed by them on the Hybrid 
III (the Hybrid III dummy, consisted of a metal-rubber composite) lumbar spine for 
comparison. They noticed that the stiffness was increased more than 37 % with 
increasing loading rates between 0.5 and 50 mmls. In dynamic loading modes, they 
recorded greater cadaver stiffuess in the anterior direction compared to the posterior 
direction. Also lumbar failures in shear were observed to have started at 1200 Nand 
depended on the loading rate as well as the test setup. 
1.4 Biomechanical models 
Biomechanical models are employed to estimate the stresses which are 
imposed on the different joints, muscles and ligaments of a human body as a result of 
an execution of a certain task in a certain posture. Therefore, the biomechanical 
approach is used to control musculoskeletal injuries by maintaining job requirements 
within the capabilities of workforce. There exist a huge number of biomechanical 
models, some of which are more directly related to the current work and will be 
presented in this section. For the purpose of the current investigation the 
biomechanical models are categorized as experimental methods and computerized 
analytical models (see figure 1.6). The experimental methods include manual 
material handling (MMH), myoelectrical (EMG), and instrumented models. 
Computerized analytical models, however, depend mainly on simulation and finite 
element techniques using specially tailored software packages. One major advantage 
of computer based models is that no human subjects are needed to perform physical 
tasks which might lead to injuries. 
11 
Biomechanical Models 
Experimental Computerized & Analytical 
r 
I Myoelectrical I Conventional Finite Element I 
Manual r Instrumented 1 I Material I 
Handling 
I . I Motion 
I EMG- I 
Segment 
Lifting 
Assisted I Lumbar I Lowering I Optimization I Spine 
Thoracic Carrying I LMM I Spine 
Pushing Force P iates Thoraco -
Load Cells Lumbar 
Pulling Spine 
,... ............ 
Whole 
Body 
I I 
Symmetric Asymmetric 
I I 
I I I I 
Static I Dynamic I I Static I Dynamic I 
Figure 1.6 Categorisation ofbiomechanical models. 
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Experimental methods are models in which actual human subjects are 
employed and asked to perform certain tasks under the supervision of the 
investigator in laboratory or field environments. Expensive and sophisticated 
instruments are used in experimentally oriented methods to register force data at the 
feet or hands and register motion data of various joints. The collected data are then 
incorporated into one of the commercially available programs to calculate the net 
moment about the lumbosacral joint. In almost all the experimental practices all the 
body segments are treated as rigid links with no consideration what so ever of the 
flexibility of the trunk. Moreover, unlike the experimental methods in which 
expensive instrumentation are employed, the computer based models require very 
little or no instrumentation other than a computer and a software package. 
One of the major difficulties with experimental methods is the reluctance and 
lack of willingness of subjects to take part in performing tasks, particularly when 
heavy loads are involved. This obstacle does not exist when computer based and 
analytical models are to be considered. Another positive point with computer based 
simulation models is that an unlimited number of cases can be investigated by only 
changing geometrical and mechanical parameters to suit each case. With 
experimentally based methods the number of cases to be investigated are dependant 
on the type of subjects, their numbers, their capabilities and availability and the 
availability of the required equipment and laboratories. One should note, however, 
that overall the use of biomechanical models for evaluating the stresses on the 
musculoskeletal systems has its advantages and limitations. The advantages include 
the ability to obtain quantitative data on the forces and torque applied on the various 
joints, bones and muscles without having to resort to often hazardous and 
psychologically unacceptable invasive techniques. The major drawback is that the 
results obtained from using such models are dependent on the assumptions made in 
developing the model and on how realistically these assumptions duplicate the 
complex structure and function of the human system. Therefore, in interpreting the 
results obtained one should be familiar with the assumptions and limitations of the 
model used. 
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In figure 1.6 the experimental methods are sub-divided into manual material 
handling (MMH), myoelectrically based methods and instrumented methods. MMH 
models are mainly models of lifting, lowering, carrying, pushing, pulling or any 
combinations of these. Since lifting tasks were found to have significantly been 
associated with back injuries the majority of the studies were concentrated on this 
activity. It will be noticed later in the review that not many studies were conducted 
on the push and pull activities. In myoelectrically based experiments, however, 
electrodes are attached externally or internally to various locations of the lumbar 
spine such that signals from active muscles of the trunk are collected and converted 
to forces. These forces are then assigned to the respective muscles in the models of 
the trunk to determine a moment equilibrium and a force equilibrium using 
optimization methods of solving differential equations. 
Another sub-division under the experimental methods is the instrumented 
methods in which a triaxial electrogoniometer is utilized to measure the motion 
behaviour of the trunk during the execution of various tasks. In these types of 
experiments an instrument called a lumbar motion monitor (LMM) which is capable 
of recording a 3-D coordinates of lumbar joints during task execution is used. These 
data together with the force data from force plates andlor electrical signals from 
muscles are used to compute the corresponding lumbar moments and compressive 
forces. Other instruments like video cameras, digitizers, scanners and various other 
expensive equipment are used in experimental methods 
The computerized analytical models are sub-divided into conventional and 
finite element models. The conventional models are further sub-divided into models 
of the whole body, thoraco-Iumbar spine, lumbar spine and thoracic spine Finite 
element models are also divided into models of whole body, thoraco-Iumbar spine, 
lumbar spine, and motion segment. Both experimental and computerized methods, 
model symmetric and asymmetric activities in either static or dynamic modes or both 
modes. 
To develop any model, accurate data on the behaviour of an element under 
investigation are required so that the model can simulate its functioning reasonably 
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accurately. In the world of solid material this is easily achievable since most of the 
mechanical, thermal and other related parameters have long been established. This is 
unfortunately not true for biological elements for which there are no accurate sets of 
mechanical data and there will never be since these elements are part of a living 
person. The few studies available in the biomechanical area are certainly not enough 
compared to the vast amount of data in the solid material area. There is no doubt that 
the existing data are valuable, but many more data on mechanical parameters of 
biological objects such as the spine which is more vulnerable than any other part of 
the human body are required to match people of various sizes and ages. Obviously 
for the reasons stated above it is not morally acceptable to experiment on living 
persons. Therefore, with simulation models these shortcomings can to some extent be 
overcome and a contribution can be made to providing more data on the bahaviour of 
human elements in question. 
Perhaps it is important to point out at this stage that most available data are 
based on cadaver studies or laboratory specimens. Data derived from such specimens 
may not duplicate the exact stress behaviour of these tissues in a living human. 
Having said this, it is fair to say that the available data are very useful and those 
people who have contributed in providing such data should be applauded for their 
excellent work. It is also worthwhile mentioning, however, that when such data are 
employed as inputs to biomechanical models, one should exercise considerable 
judgement in the interpretation of model output data. Such outputs, however, can still 
provide very useful approximation of stress values that could not be available except 
under controlled clinical conditions. 
As it has been pointed out above not many data on the mechanical parameters 
such as geometry and material properties of the human spine are available. The data 
published in the literature show some understandable differences between them. 
Since these data are either scarce or are rarely found in their entirety, they have been 
compiled and organized in a tabulated and graphical forms to demonstrate these 
differences and the extent of the variation in geometry and properties of vertebrae 
and their discs (see chapter two). Such data are needed for the development of 
accurate mathematical models ofthe spine. 
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'Too many biomechanical models are available in the literature for them all to 
be reviewed fully. Therefore, only models that are directly. related to the present 
investigation will be reviewed in sections five and six. 
1.5 Experimental Biomechanical Models 
1.5.1 Manual material handling models 
The prevalence of low back pain (LBP) has become very noticeable in 
industries all over the globe in general and in advanced industrialized countries in 
particular. Despite automation of industries there still remain a large portion of 
tasks which involve manual ha(ldling. Investigations and studies of MMH were 
first concentrated on static models (see figure 1.7). which played a useful role in 
.... 
Figure 1.7 Static linked segment model (Chaffin, 1975). 
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providing rough estimations of the lumbar forces and moments .. Later dynamic 
effects were included in the models to enhance their validity and overcome the 
shortcoming of the static models (see figure 1.8). 
Figure 1.8 Dynamic linked segment model (deLooze et al., 1992). 
Many MMH experiments concentrate on modeling lifting tasks for their 
strong association with LBP (Kumar, 1980; Leskinen et al., 1983; Leskinen, 1985; 
Kumar et al., 1988; Tsuang et al., 1992; Jager and Luttmann, 1992; and others). A 
number of investigations looked into cases involving pushing and pulling activities 
(Resnick and Chaffin, 1996; Hoozeman et aL, 1998; and others). Very few studies 
have looked into activities involving combinations of tasks ( Straker et aL, 1996, 
Straker et aL, ·1997 a,b). 
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These experiments are accomplished In both symmetrical and 
asymmetrical planes in either static or dynamic mode. Kumar (1980) for instance, 
showed that the peak intra-abdominal pressure in sagittal lifts was lower than that 
in lateral and oblique lifts. The problem with these experimental methods, 
however, is that they do not quantifY the stresses and the strains for the various 
regions of the spine, the displacement or the region of the highest stress. They 
certainly give an indication of the moments and forces that the lumbosacral joint is 
subjected and are therefore useful for validation and comparisons with more 
detailed analytical models. 
For Obvious reasons the L5/S1 loading reported by researchers indicated 
some differences in the values. Higher values (40-60%) for L5/S 1 compressive 
force and (69-95%) for L5/S1 moment were calculated by the dynamic models as 
compared to the static models (Frievalds et al., 1984; McGill and Norman, 1985; 
Leskinen, 1985 and Tsuang et aI., 1992). Bush-Joseph et al. (1988) like others 
stated that both the lifting techniques and the speed of lifts affect the L5/S 1 
loading. 
Kumar et al. (1998), on the other hand, found that more torque was 
produced during static activities compared to dynamic activity during flexion -
rotation and extension - rotation. Whereas, Anderson et al. (1985) observed that 
the strain on the ligaments and the posterior annulus has increased with torso 
rotation and with decreasing kNee angle. The findings of Plamondon et al. (1995) 
agreed with the latter one and warned of the danger of back injury due to the 
increased asymmetry of the trunk during task execution. 
Even though it is advised that heavy loads are best handled by pushing or 
pulling them, and that they account for a large portion of tasks; there are few 
studies being conducted on these activivities as was remarked by Hoozeman et al. 
(1998). In this regard, Lee et al. (1984) simulated cart pushing and pulling and 
found that, L5/S 1 compressive force increased linearly as the body weight 
increased. A number of studies were concentrated on the relationship between the 
strengths of individuals and their lifting capacities. Both men and women were 
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found to have used only 22 % of their maximum dynamic lift during a normal 
work day (Pytel and Kamon, 1981). Further more, Karwowski and Mital (1986) 
showed that, the static and dynamic strength of a team were approximately 90% 
and 58%, respectively, of the sum of their individual strengths. Male strengths in a 
squat lifting mode was observed to be higher than in the stoop lifting ( Kumar, 
1996), this was not observed in female subjects. 
Resnick and Chaffin (1996) observed that, when the trunk was rotated, the 
push hand force and the moments around the shoulder and torso increased. They 
stressed the need for guidelines for pushing and twisting tasks. Huang et al. (1998) 
on the other hand, found that, the force capacity depended on the trunk inclination 
and the speed oflifting and lowering. 
Recently, cameras and camcorders have been used extensively by a number 
of investigators (Hsiang et aI., 1998; Potvin, 1997; deLoose et aI., 1992), whereby, 
subjects are videotaped while working. The coordinates of the centres of the various 
human body segments that are obtained from these cameras are used in their models 
to calculate the forces and moments on the various joints (plamondon et al., 1996; 
Gu et aI., 1996; Crosbie et al., 1997; Lariviere and Gagnon, 1998) including L5/S 1 
joint (potvin, 1997; Hsiang et al., 1998). 
There are limitations with most if not all of the afformentioned experimental 
nglO segl!u~nt methods in that they are task specific, their output accuracy is 
dependant on the number of segments used, the accuracy of the segment mechanical 
parameters and more importantly, the number of subjects used. 
1.5.2 Myoelectrically based models 
In myoelectrically based models spinal forces and moments are estimated by 
measuring the electromyographic (EMG) activity in the major muscles of the trunk. 
The trunk muscles that are represented in these models include, rectus abdominus, 
external oblique abdominal, internal oblique abdominal, psoas, quadratus lumborum, 
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latissimus dorsi, and the three groups of the erector spinae muscles (multifidus, 
longissimus, and iliocostalis). 
Figure 1.9 shows the trunk model used by Schultz et al. (1983). The model 
consists of 10 single equivalent muscles modeled at a transverse plane at the L3 
level. Electrical signals can only be picked up when muscles are positively active, 
these signals are then converted into forces which are assigned to the respective 
muscles. 
x 
Figure l.9 The trunk muscle model with 10 single 
equivalent muscles (Schultz et al., 1983). 
1.5.3 Instrumented methods 
Ergonomists have been trying very hard to design workplaces in which 
operators can perform tasks in the safest possible environment in order to prevent 
personal injuries, particularly low back injuries. Understanding the operators 
capabilities can be very helpful and can contribute in the better design of 
workplaces by matching the capabilities of individuals with. the type and 
arrangements of work. The human trunk is the one element which is most active 
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during task performance, and hence it is frequently loaded during vanous 
activities. In instrumented methods, instruments such as force plates, load cells and 
lumbar motion monitors are employed to collect force and spatial data for 
inclusion in mathematical and other biomechanical models. 
The lumbar motion monitor (LMM) is a triaxial electrogoniometer capable 
of assessing the instantaneous position of the spine in three-dimensional space 
(Marras et al., 1993). It is an exoskeleton of the spine, fitting closely on ones back 
to determine ranges of motion, velocities and accelerations in the lateral, sagittal 
and transverse planes of the body (Allread, 1993). Allread (1993) reported average 
and maximum velocities and ranges of motion (ROM) for one-handed lifts. in the 
lateral plane to be approximately 50 % higher than for two-handed lifts. However, 
deceleration and acceleration values were approximately equal in this lateral plane. 
In the transverse plane, two-handed lifts were reported to have produced higher 
twisting values for the left-most and right-most positions, but the overall ROM and 
average velocities were greater during one-handed lifting. Greater twisting 
accelerations and decelerations were also reported for the two-handed conditions. 
Marras et al. (1993) investigated the dynamic three-dimensional trunk motion in 
the work environment using the LMM. They concentrated their study on highly 
repetitive jobs, which did not involve job rotation. They pointed out that there was 
significant association or correlation between work place, trunk motion factors 
and the low back disorder risk (Marras et al., 1995). The dynamic trunk 
performance characteristics during repetitive f1exion and extension at the preferred 
speed, and the effects of task asymmetry, age and gender on these parameters were 
investigated by Marras et al. (1994). They were able to show that task asymmetry 
significantly influenced all the motion parameters. Age and gender were found to 
have affected the motion characteristics in the sagittal plane. Allread et al. (1996) 
on the other hand studied the differences in trunk motion during one handed and 
two handed lifting tasks. They found that the one handed lifting produced 
significantly higher ranges of motion in the lateral and transverse planes and 
greater f1exion in the sagittal plane. The two handed lifting tasks were reported to 
have been responsible for faster trunk motions in the sagittal plane, and larger 
acceleration and deceleration magnitudes in all planes of motions. 
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Granata et al. (1997) demonstrated that trunk and pelvis angles, and 
velocities were influenced by the task asymmetry, belt usage, and their 
interactions. They pointed out that spinal compression and shear forces reduced 
significantly when elastic lifting belts were used compared to the other types of 
belts. Davis et al. (1998a) measured trunk motion using Ll\1M and muscle activity 
signals. These measurements were then input to the EMG-assisted biomechanical 
model of Davis et al. (1998b). They then simulated a warehousing depalletizing 
tasks whereby their subjects transferred cases from one pallet in a slot to a 
destination pallet on a pallet jack. They found that handling cases with handles 
resulted in lower anterior-posterior shear and compression forces, when compared 
with cases without handles. The lower regions of the pallet were found to be 
associated with higher spinal loads and trunk moments. 
1.6 Computerized and Analytical Models 
1.6.1 Conventional models 
In the experimental methods discussed earlier, one may observe that the 
main aim was to quantity the external moments and forces on the L5/S 1 joint during 
the execution of a particular activity. Some researchers used the data collected from 
the task execution experiments as inputs to their linked segment models using 
commercially available programmes to calculate the forces and moments on the 
L5/S I joint. All the links in the linked segment models of the experimental methods 
were treated as rigid links. Most of the data on the coordinates of various joints in 
these cases were collected from video based observation. The stress and strain 
distribution along the spinal column and other segments of the body is not usually 
investigated and nor are the inter-linking and the effects of the segments on each 
other are considered in experimental models. The computer based and analytical 
models considered static cases (Morris et al., 1961; Chaffin, 1969; Garg and Chaffin, 
1975; Asfour et aI., 1991; Kerk et aI., 1994; Chaffin et aI., 1994), as well as dynamic 
cases (Liskinen et aI., 1983; Liskinen, 1985; Jager and Luttmann, 1989, and others). 
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Among the first to use static sagittal plane models were Morris et al. (1961) 
who assumed that two types of internal forces acted to resist the external load 
moment during lifting. One was the extensor erector spinae muscles that were 
assumed to exert their force approximately 5 cm posterior to the centres of rotation in 
the spinal disc. The second stabilizing force was assumed to be caused by the 
abdominal pressure acting in front of the spinal column, pushing the upper torso into 
extension, thus resisting the load moment acting on the lumbar spine. They showed 
that during a load lifting activity, large compression forces are developed in the 
spinal column, and caused compression of the disc. 
Later, Chaffin (1969) developed a static computerized sagittal plane model 
which consisted of seven links and six joints to simulate load handling, pushing, and 
pulling tasks. The reactive forces and torque were computed at each articulation. 
Schultz and Galante (1970) on the other hand, introduced some flexibility to their 
model by using springs with kNown stifthess to represent the discs and the 
ligaments. They developed a three-dimensional mathematical model of the vertebral 
column with rigid vertebrae and deformable discs, ligaments and connective tissues. 
They also studied the scoliotic spine by changing the configuration of the normal 
spine into the configuration of a scoliotic one (Schultz et aL, 1972). Belytschko et aL 
(1973) also employed the preceding model to study the behaviour of an isolated 
ligamentous thoraco-lumbar spine. Their nonlinear force analysis technique was 
based on the stifthess method of structural analysis, including geometrical 
nonlinearities associated with large displacements. This was certainly a big 
improvement on the model of Chaffin (1969), which did not account for the 
flexibility of the spine and the inertial properties. 
Aquino (1970) included masses and rotational inertia of the vertebrae and 
pelvis in his equations of motion. His model of the lumbar spine of a monkey 
consisted of a series oflumped segments connected by linear springs and dashpots to 
represent the discs. He subjected the spine, which consisted of five rigid links, to 
loads similar to those occurring in a head-on automobile collision where a lap-type 
seat belt is worn. He concluded that the spine behaved as an elastic system when 
tensioned and that the spine loading was not affected by its mass under the actual 
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collision situation. Orne and Liu (1971) made a great improvement on the model of 
Aquino by considering the entire human spine rather than an animal spine. Their 
model of the spinal column consisted of rigid vertebrae and massless deformable 
discs. The mechanical response of pilots to forces of ejection (impact response) was 
simulated, by solving a system of differential equations for the axial compression 
force on each disc and the equation of motion of each vertebra. The mass variation 
was ignored as well as the cross section variation along the spinal column. However, 
the previous assumption of massless discs together with uniformity of the vertebral 
geometry would surely affect the inertial parameters and under estimate the spinal 
forces. 
The computerized static model of Garg and Chaffin (1975), represented the 
whole human body and consisted of ten rigid links and thirteen joints. It was used to 
simulate human strength capabilities and to quantifY the hand forces at different 
positions for a seated operator, using a polynomial regression analysis. The 
generation and pathways of muscular force transmission within the extensor 
musculature was reported by McGiIl and Norman (1987) using a model constructed 
of pelvis, L5, L4, and L3, vertebrae. They assessed the effects on the output of a 
static biomechanical model of a more accurate anatomical representation of lumbar 
muscle parameters. They pointed out that a single equivalent moment arm of 5 cm, 
as used in calculating the lumbar compression forces, may cause large compression 
estimates, and instead a moment arm of7.5 cm was found to be more realistic. 
Gudavalli and Triano (1990) presented an analytical computer model of the 
lumbar motion segment idealized as a mechanical system of rigid bodies connected 
by means of springs and constrained by kinematic pairs. The vertebrae were treated 
as rigid bodies, and the posterior ligaments were modeled as simple linear elastic 
springs. The intervertebral disc including the anterior and posterior longitudinal 
ligaments were modeled as elastic members capable of resisting bending, shear and 
axial forces and the facet joints were modeled as two convex curved surfaces that 
may come in contact with another two concave surfaces representing the superior 
articulating processes of the fixed vertebrae. The L4-L5 motion segment was 
subjected to external flexion moment to report flexion response, ligament forces, disc 
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moments and compressive forces. They pointed out that their model represented the 
true behaviour of the facet joints and that they were able to measure the load sharing 
among different ligaments connecting the motion segment. 
Monheit and Badler (I 991) presented a kinematics model of the human spine 
and torso. A flexible vertebral model of the spine and its associated torso shape was 
developed. The conceptual model of the spinal column was derived from medical 
data and heuristics related to human kinesiology. Their model of spinal motion was 
based on the anatomy of physical vertebrae and discs. The torso model consisted of 
17 vertebrae (12 thoracic and 5 lumbar with 18 joints of movements); range of 
movement of each vertebra; and the effect of the surrounding ligaments and muscles. 
The input parameters to the model were: joint range, initiator joint, resistor joint, 
resistance, spinal target position, and zero interpolation. Monheit and Badler claimed 
that their model gave a realistic human figure animation, but pointed out that their 
programme needed to be modified to simulate the human movements more 
realistically. 
Asfour et al. (1991) presented a computerized biomechanical static rigid body 
model for the analysis of symmetric and asymmetric postures. The asymmetric 
model was developed to simulate pushing and pulling activities. In both the 
symmetric and the asymmetric cases the load was input at the hand along with its 
direction. 
Kerk et al. (I994) divided the human body into seven links to demonstrate 
examples of lifting and pushing postures. For the lifting example the inputs to their 
model were 50th percentile anthropometry. Two strength capability levels were 
compared: stronger (10% of popUlation capable) and weaker (90% of population 
capable). They reported the predicted maximum pure lifting, pulling and pushing 
forces, for the weaker and the stronger male under constrained and unconstrained 
conditions. 
The six-segment 2-D model of McGill and Norman (1985) was used to 
investigate the size of the difference between statically and dynamically determined 
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moments of force about L4ILS disc during manual lifting tasks. Their predicted 
dynamic peak moment was on average 19 % more than the static one. McGill and 
Norman compared their results for the L4ILS disc with the NIOSH guidelines by 
converting the moments into compression forces assuming a 5 cm moment arm. 
They indicated that the static compressive force was well below the NIOSH 
'maximum permissible limit' (MPL), while that calculated from the dynamic model 
was marginally above the MPL. Because NIOSH guidelines calculate disc 
compression at the LS/S 1 level rather than L4ILS, McGill and Norman expected 
lower compression at L4ILS level as it was farther up the spine. 
Khalil and Ramadan (1988) presented a microcomputer-based model, in 
which a static and dynamic evaluation of sagittal lifting activities were discussed. 
The human body was modelled as a two-dimensional, eight-link system. Khalil and 
Ramadan demonstrated their model by investigating a case in which the statical and 
dynamical stresses on LS/S 1 were determined during back lifting ( stooped posture). 
They pointed out that the most stressful posture occurred at the start of the lift. The 
maximum compressive forces generated from the dynamic model were found, as by 
others, to be higher than those from the static model. 
A more detailed linked segment model was developed by Jager and Luttmann 
(1989) which allowed the simulation of spatial body movements and permitted the 
determination of the load on various parts of the body. The 3D model presented 
contained a total of 19 segments and 18 joints. FIVe joints corresponding to the" 
intervertebral discs represented the lumbar region. The upper trunk was considered to 
be rigid, and the head and neck were represented by one joint (neck joint). The 
muscular system of the trunk of the lumbar spine was approximated using eight 
muscles. They found that the torque, compressive force, and shear force at 
lumbosacral joint LS/S 1 lay, dependent on posture and load lever-arm, within the 
ranges 0 and 500 Nm, 0.4 and 10 kN, and 0.2 and 0.9 kN, respectively. They 
demonstrated that as the load in the hands increased the difference between the static 
and dynamic models were also increased. The compressive strength values fell 
within the same range as the calculated compressive forces from asymrnetricallifting 
loads up to 40 kg. They suggested that the lumbar compressive strength values of 
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6.7 kN for men and 4.7 kN for women which they predicted should be reduced to 4.1 
kN for men and 3.2 kN for women to avoid overestimating an individual's lumbar 
compressive strength. The compressive force on the lumbar intervertebral discs was 
reported to have increased as the level of the disc increased. Three years later Jager 
and Luttmann (1992) used a dynamic 3D computer simulation model which was 
developed by Jager et al. (1991a). In that model the human body skeletal structure 
was modelled by 30 rigid body segments, which were cylindrical in shape and 
rotatable at 27 joints. They considered all IS intervertebral discs within the trunk as 
joints. They observed that in the sagittal lifts, the torque on the LS/S 1 joint increased 
as the load was heavier, and that the dynamic torque produced a larger maximum 
than the corresponding static calculations. In low horizontal turnover tasks, the static 
torques in the sagittal plane were found to be constant, with no static torque being 
present in the frontal and transverse planes. The compressive force at LS-S 1 during 
bi-manual diagonal load lifting in I.S seconds was reported to have increased during 
the first half of the total duration and passed through a dip in the second part. As the 
load lifted increased (0-40 kg), so did the compressive force on LS/S 1. Their 
conclusions were that inertial factors should be considered during manual material 
handling in addition to static postural ones, and indicated that sagittal and lateral 
shear during diagonal lifting should not be ignored, even if their values were lower 
than compression values. 
Obviously, considering all the discs as joints gives the vertebral column some 
flexibility and allows more realistic analyses sinc~tlie' -spine is actually quite fleXible 
especially in the lumbar region. The aforementioned model treated the whole spinal 
column as consisting of joints while the vertebral column is constructed of vertebrae 
that are separated by intervertebral discs. The bony vertebrae are much harder than 
the discs, which are filled with fluid. The flexibility of the vertebral column as a 
whole depends on these discs which account for approximately 20 % to 30 % of its 
length, Therefore, to obtain more representative values of spinal behaviour under 
various loading conditions, the deformable discs must be represented more 
realistically, by deformable elements such as springs and dampers for instance. 
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Sitoh et al. (1993) conducted a series of simulations for both the time-
invariant and time-variant psychophysical factors. They demonstrated that when 
attempts were made to use the lower leg more during lifting tasks the torque 
produced at the lumbar-sacrum joint was the least compared to the use of other body 
segments. When the concentration was shifted to the trunk 22 % more torque was 
reported to have been produced. They have also shown that when both shank and 
thigh were utilized in combination, the torque produced was the least compared to 
other combinations. These findings support the reasoning behind the current 
investigation which analyzes the spine as an integral part of the whole body system 
rather than analyzing it in isolation to the rest of the body. 
Granata et al. (1996) computed the external forces and moments about L5/S 1 
using a set of mechanical equations, dynamic force plate data and a vector describing 
the static location of the lumbosacral spine. 
Three separate models to predict the postures during the static sagittal lifting 
were presented by Dysart and Woldstad (1996). Their models consisted of five links, 
the forearm, torso, thigh and calf. To specity each joint angle they used forward and 
inverse kinematics procedures. Based on the three criteria which they used they 
found that the model with the total torque criterion predicted a more accurate human 
posture. The first criterion assumed that the subjects chose a posture which 
subjected the joints to a minimum torque, the second assumed that the chosen 
posture distributed the torque across the joiilts·in'proportion to each joint's ability to 
overcome that torque, and. the third criterion assumed that the subjects chose a 
posture which produced the greatest body stability. Nussbaum and Chaffin (1996) 
modified the existing models of Schultz, Galante, Belytschko, Andriacchi et al. 
(1970-1979) to allow for resizing to match different subjects, different posture and 
allow the incorporation of muscles. The model algorithm depended on the direct 
stiffuess method of structural analysis. Nussbaum and Chaffin treated the upper 
thorax, including ribcage and sternum, as a single rigid body. They based their 
investigations on the static cases only. 
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1.6.2 Finite element models 
The problem of low back disorder is becoming more serious day by day, 
despite all the efforts made in this regard by Ergonomists and .Biomechanists to 
reduce back injuries, by a better design of safer workplaces. Although there are many 
reasons for back injuries, there is no doubt that the main cause is the excessive 
mechanical loading of the lower part of the spine. The inaccessibility of direct 
measurements of lumbar spine loading has led to the development of indirect 
methods of measurement. One such method is the use of the finite element technique. 
It is safer and easier to predict forces from finite element models, without 
endangering peoples' lives since no subjects are involved in laboratory experiments. 
From the preceding sections of this chapter, it can be seen that there is sufficient 
experimental validation to support the use of such models. For the past two decades 
or so a number of models of various levels of the lumbar spine have emerged. 
Finite element models are classified as models of single motion segments, 
models of the lumbar spine and models of vertebral column. Belytschko et al. (1974) 
developed an axisymmetric model of a L2-L3 motion segment to study the behaviour 
of its disc under axial loading. This model was employed to obtain material constants 
by matching experimental results on the bahaviour of the disc. They pointed out that 
excluding the disc material anisotropy would result in an under-estimation of 50% in 
disc pressure. The same model was used by Kulak et al. (1976) to first find the 
values for the material constants by matchlng,them:with experimental-di:>cbeha,iiour 
and then to study the nonIinear behaviour of normal discs under axial loading. They 
reported that the distribution of stresses in the thoracic discs were substantially 
different than the lumbar discs with hoop stresses more dominant in the lumbar discs. 
It was demonstrated that a decrease by a factor of two in the stiffuess of lumbar disc 
was caused when the nucleus was absent, meaning that compressive axial loads are 
mainly carried by the nucleus. When Hakim and King (1979) loaded the vertebral 
body statically and dynamically they found that the anterior aspect of the vertebra 
was the region of high magnitudes of strain. They have also reported that the junction 
of the pedic1es and the vertebral body as well as the junction of the lamina and the 
inferior facet were the . areas of high stresses. Having been modified by 
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Balassubramanian et al. (1979), the model of Hakim and King was utilized to 
subject a complete vertebra to a simulated laminectomy during which either the 
entire left lamina or its superior portion is removed. Their observations were. that the 
applied nodal loads approximated the measured pressures at the superior end plate 
and the high tensile stresses occurred in the pedicle and in the region of the pars 
interarticularis as a result of surgery. 
Spilker (1980) varied the parameters of his axisymmetric model and 
observed that increasing disc radius produced a decrease in nuclear pressure, disc 
bulge and vertical deflection. Disc bulge and vertical deflection were increased when 
the disc half-height and the nucleus/total disc area ratio were increased. This 
investigation was persued by Spilker et al. (1984) who studied the response of the 
model to compression, shear, torsion and bending loads applied to the superior 
vertebral body. Later, Spilker et al. (1986) applied nonaxisymrnetric loads on the 
model while the annulus was assumed to be composed of layers of fibre-reinforced 
composite material, with alternating angles. They demonstrated that a single set of 
material constants could be chosen so that model predictions of gross disc behaviour 
under compression, torsion, shear and moment bending were in reasonable 
agreement with the mean and range of experimentally measured disc behaviour. 
Shirazi-Adl et al. (1986) was among the first to develop a three-dimensional 
nonlinear finite element programme to analyze a model of the L2-L3 lumbar motion 
segment subjected to sagittal plane moments7''fhey reported large deformations and 
strain of the lumbar motion segment even under moderate load. They observed 
bigger deformation of injured or degenerated discs. Their other observations were 
that intradiscal pressures were large in flexion but small and of negative value in 
extension. The investigation was persued by Shirazi-Adl and Drouin (1987) who 
detennined the load carrying role of the facet joint where their results showed that 
the facet joints carried large forces in extension, but none in small flexion. Shirazi-
. Adl (1989) then modeled the motion segment where the annulus fibrosis was 
considered as both a homogenous and a nonhomogenous composite with equivalent 
properties or constants. He concluded that the nonhomogenous fibre reinforced 
composite model gave more realistic results. Shirazi-Adl (1991) then simulated 
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symmetric and nonsymmetric lifting whereby he found that asymmetric lifting (i.e. 
axial and lateral rotation during lifting) increased the load transmission through the 
compression facet. In addition twisting and lateral bending during lifting increased 
facet injury and degeneration. 
The disc body model developed by Rao and Dumas (1991) was a simple 
finite element model of the LS-S 1 intervertebral disc, which was modeled as being 
circular and symmetrical about the sagittal plane. They carried out sensitivity 
analysis of the material properties of different components of the model. Both the 
Young's Modulus and Poisson's Ratio for the ground substance were shown to have 
played an important role in the predictions of the biomechanical responses of the 
disc. At the same time they observed that changes in the mechanical properties of 
cortical bone, cancellous bone, cartilaginous endplates and nucleus pulposus had 
little effect on the predicted biomechanical response. 
Dietrich et at (1992) simulated an L2-L3 motion segment which included 
anterior and posterior longitudinal ligaments. They demonstrated that even a small 
compressive load on the spine can cause loss of stability of an intervertebral disc, 
resulting in lateral dislocation of its nucleus pulposus. 
Kasra et al. (1992) developed linear and nonlinear axisymmetric and three-
dimensional finite element models of a L2-L3 disc-vertebra unit. They investigated 
the mechanical responses under'dynanrib'loading situations such as those associated 
with impact and vibration. They found that the addition of the upper body mass of 40 
kg significantly decreased the segmental frequencies. Increasing compression pre-
loads led to increases in segmental frequencies. They also observed that vibration 
loading with frequency close to the resonant frequency of the system and impact 
loading markedly increased the response and hence the state of stress and strain 
throughout the segment. The most vulnerable element was found to be the cancellous 
bone adjacent to the nucleus space. It was also pointed out that the loss of the 
incompressibility and fluid content of the nucleus resulted in a decrease in the 
resonant frequency and an increase in resonant amplitude. 
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The role of muscles in the biomechanics of the lumbar spine was studied by 
Goel et al. (1993) who used a combined finite element and optimization approach to 
predict the forces in muscles and disc across the L3-L4 segment. They incorporated 
the predicted muscle forces from the optimization model into the L3-L4 finite 
element model as nodal forces to simulate the muscle action. They pointed out that in 
the muscle active model, the forces transmitted by the facets increased, compared to 
the ligamentous model. Other parameters like the intradiscal pressure, stresses, and 
forces in other structures in the muscle model decreased, compared to the 
ligamentous model. Goel et al. (1995) later determined the interlaminar shear stresses 
in the disc. They observed that the origin of the annular tears is the posterolateral 
portion of the disc where the interlaminar shear stresses were the highest. Their 
results indicated that axial compression resulted in high interlarninar shear stress in 
the posterior and posterolateral portions of the annulus. 
Sharma et al. (1995) subjected their three-dimensional nonlinear finite 
element model of a L3-L4 motion segment to sagittal moments. They pointed out 
that ligaments restricted flexion rotation whereas facets resisted shear displacements 
due to flexion as well as restricting extension rotations. 
Wu and Chen (1996) constructed a three-dimensional poroelastic finite 
element model of spinal motion segment and introduced a mixed formulation to 
study its mechanical behaviour. The geometry of the model was automatically 
formed from a series of CT -"Scannirlg· images. Ligaments were also- included. They 
claimed that their approach simulated the mechanical behaviour of the spinal motion 
segment properly. They observed that the stresses induced in the vertebral body were 
always larger at the anterior side than the posterior side and that the stresses induced 
in the cortical shell were much higher than in the cancellous bone. They also 
observed that stresses concentrated on the endplate, cortical shell and facet joints 
with the highest stress occurring in the facet joints. 
Wang et al. (1998) investigated the axial cyclic compression loading of L2-
L3 motion segment. Their finite element model was based on the model of Shirazi-
Adl et al. (1986). They found that vertical displacement increased with increasing the 
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compressive cyclic loading , and that the energy loss per cycle dropped 
exponentially. The disc bulge at the posterior region was observed to be larger than 
at the anterior region. They also found that cyclic loading increased the bulging more 
during the first few cycles. The inner-most layer of the annulus fibrosus near the end 
plate was reported to have experienced the highest tensile principal stress while the 
posterolateral innermost lamella at the midheight of the disc was under the maximum 
transverse shear stress. 
Among the first people to employ finite element techniques were Roberts and 
Chen (1970) who constructed a 2-D model of the thoracic skeleton whereby nodal 
points connected its various elements. The model included the sternum, costal 
cartilage, the ribs, and, the vertebral column from TI to the sacrum. Loads were 
applied normal to the sternum and rib elements in the sagittal plane. Computations 
were based on rigid body motion principles to calculate the displacements and 
stresses. The deformation properties were described by the classic, small 
displacement technical theories of slender bars. 
Lee et aI. (1995) developed a three-dimensional finite element model which 
Included the ribcage, thoraco-Iumbar spine and pelvis with their associated soft 
tissue. The spinal responses of relaxed normal subjects to lumbar posteroanterior 
loads as applied during manipulative procedures were investigated. Load was applied 
to a single vertebra at the most posterior part of the spines process. They reported 
displacements at the point ofloading. For a load of 100 N over L3 vertebra 8 mm· 
displacement of that vertebra were recorded plus 1.5 mm of displacement of the T8 
spinal processes together with 10 of its rotation. 
A three-dimensional finite element model of the ligamentous lumbosacral 
spine was generated by Breau et aI. (1991). Computer-assisted Tomography (CT-
scans) medical images of a cadaveric lumbar spine were used to automatically 
reconstruct the geometry and the grid of the tissues. The model included vertebrae 
Ll to SI, the intervertebral discs, the facet joints and ligaments. The previous model 
was later used by Shirazi-Adl and Parnianpour (1993) to study the overall nonlinear 
stability response of the ligamentous lumbar spine in axial compression force. They 
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found that the existence of the horizontal support and the combined flexion moment 
significantly increased the load-bearing capacity of the lumbar spine. Under axial 
compression force, flexion moment tended to restrict the posterior translational 
movement of the lordotic lumbar spine whereas the horizontal support constrained 
the coupled lateral motion. Shirazi-Adl (1994) later reported that in left and right 
axial torque, vertebral bodies underwent primary as well as coupled motions that 
altered in magnitude (and sometimes even in direction) from one segment to another. 
They observed that the loss of disc fluid content ( or pressure) and removal of the 
compression facet markedly increased the rotation of the affected L4-LS level while 
leaving the intersegmental rotation at remaining levels nearly unchanged. Increases 
in axial rotation, intradiscal pressure, maximum fibre strain, and strains in the 
capsular ligaments at the same L4-LS level were reported as a result of the removal 
of the L4-LS compression facet. 
Lavaste et al. (1992) digitized vertebral parameters from two X-rays 
(anterioposterior and lateral) to construct a three-dimensional geometrical and 
mechanical finite element model of the lumbar spine. The model was intended to be 
used as a simulation tool in the study of the behaviour of the spine under various 
loading conditions. Robin et al. (1994) employed this model to assess the influence 
of geometrical factors on the behaviour of the lumbar segments. They indicated that 
the tangential stiffuess of the functional unit decreased from L4 to L 1 in f1exion, 
extension and lateral bending. 
Kong et al. (1998) combined optimization and finite element techniques to 
study the static lifting task in the sagittal plane. The geometry for the finite element 
model of the lumbar spine was obtained from from eT scans of a cadaver, and of the 
thoracic spine and ribcage from literature. Muscles were also incorporated in the 
model. Rigidly connected finite element models of the lumbar and thorax were used 
to form a model of the ligamentous thoraco-Iumbar spine and ribcage. The 
deformation, intra-discal pressure, strains, stresses and load sharing among spinal 
components were predicted. 
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It is clear from the preceding review that most of the investigations were 
experimentally oriented, concentrating mainly on lifting tasks, which were seen as 
responsible for most of the back injury cases. In these investigations living subjects 
were needed to perform various material handling tasks where in some cases loads as 
large as 40 kg or more were lifted, carried, lowered, pushed or pulled. The motion 
and force data were then collected by various instrumentation and used to calculate 
the lumbosacral loading characteristics. On the other hand other investigators relied 
on the powers of computers instead of people and the tasks were simulated to avoid 
endangering lives. Unlike the experimental modelling where the main emphasis was 
on finding the magnitude of moments and forces on mainly the L5/S 1 joint, in 
computer based analytical biomechanical modelling practices, the vertebral column 
and the whole body were analyzed and forces and moments acting on the various 
joints were calculated. Because the human spine is the main load bearing element of 
the human body system, and because it is an inseparable and an integral part of this 
complex system, it is inadequate to analyze it as an isolated member as almost all the 
previously reviewed investigations have done. The flexibility of the spine, and the 
inertial coupling between the various human body segments have rarely been 
addressed. 
1.7 Summary of Findings of Literature Review 
Based on the survey undertaken in this research the following observations can 
be made: 
I. Many static biomechanial models have been developed. It was shown, however, 
by Frievalds et al. (1984); Leskinen (1985); McGill and Norman (1985); Tsuang et 
al. (1992) and others, that the outputs of most of the static models, were misleading 
due to the neglect of the loads and body segments' inertias, which lead to the 
underestimation of the moments. This has motivated several other researchers to 
develop many dynamic biomechanical models. Those models, however, were mainly 
task execution models. On the other hand, experimentally oriented models require 
expensive instrumentation and volunteers who may not be easily available because of 
the risk involved. Furthermore, the stress and strain fields throughout the spine and 
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other elements of the human body can not be determined by an experimental 
approach alone. The latter reasons have caused some difficulty in the research 
activities in this field. As mentioned by Guo et al. (1994), computer based modelling 
and analysis techniques are more practical and readily available to enhance the 
research activity and overcome the above mentioned difficulty and avoid the use of 
invasive techniques of measuring clinically relevant variables (Lee et ai., 1995). In 
almost all (with vel)' few exceptions) dynamical biomechanical models developed, 
the extremely sensitive human spine was assumed to be rigid. Such an assumption, 
however, cannot fairly represent this vel)' flexible part of the body. A dynamic 
biomechanical model, which accounts for the nonlinear flexible effects of the 
vertebral column could clearly enhance the method of analysis. 
2. In EMG driven models developed, a transverse cut plane was simply assumed at 
either L31L4, L41L5 or the L5/S 1 level, and a set of forces were assumed based on 
the electrical signals picked up by electrodes. The electrodes were attached to the 
lumbar segments externally over the skin surface or internally by means of needle 
like transducers. These forces were then employed as a basis for computing the other 
forces, moments, and stresses applied on the trunk at the level of interest. In this 
method of analysis, however, the real interaction between the upper and lower parts 
of the body does not exist. It is well kNown, however, that the vertebral column is an 
integral part of the whole human body, which could vel)' much be affected by the 
motion of the lower part of the body. Therefore, results obtained from the study of an 
isolated human spine, though valuable, can not be treated as complete. 
3. Finite element human modelling techniques date back to the early 1970's as the 
review shows. Researchers have employed a finite element approach in modelling 
the human spine for clinical application (Dietrich et ai., \992; Dreup and Hierholzer, 
1996; McGil!, 1997), modelling of various lumbar fixture devices, or carrying out 
detailed analyses of the state of stresses and strains along the spine (Belytschko et al., 
1973; Shirazi-Adl, 1993). In these analyses, either a portion of the spine, mainly a 
single motion segment, or lumbar or even the whole spine were studied. This was 
done, however, in isolation with the remaining parts of the body, which, therefore, do 
not truly represent the problem under consideration. 
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4. Most human back models developed in the literature are represented using an 
elastic beam which seems to be based mainly on the classical Bemoulli-Euler theory 
of flexural vibration. This theory has been recognized as inadequate in studying the 
modes of vibrations of higher frequencies. It is also kNown to give inaccurate 
frequency predictions for thick and stubby beams. According to Bemoulli-Euler's 
theory, second order flexible effects such as rotary inertia and shear deformation are 
neglected. The geometrical nature of the short and stubby vertebrae suggests the use 
of Timoshinko's beam theory of flexural vibration if the back is to be modeled as a 
beam. 
5. The stiflhess properties of the human back models developed in the literature were 
mainly based on a linear strain-displacement relationship. As such, the geometric 
elastic nonlinearities of the vertebral colunm were ignored except in few cases 
(Shirazi-Adle et al., 1986; Sharma et al., 1995). A model that accounts for this 
nonlinear elastic effect will certainly improve the method of analysis. 
1.8 Research Aims and Objectives 
The general aim of the research is to promote understanding of the human body 
loading, especially the low back during manual material handling tasks. A computer 
model that is capable of predicting mechanical loading of the spine and calculating 
stresses imposed while executing tasks <-'OUld be· very useful in workplace and work 
task design. More specifically there are a number of objectives which are listed 
below as: 
1- To compile, from the literature, a comprehensive set of data on anthropometric 
dimensions and material properties of spinal elements. 
2- To confirm the suitability of compiled anthropomentric and material property 
data using finite element methods applied to a single motion segment and 
compare the results with those in the literature. 
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3- To develop a computer based formulation for the dynamic analysis of inertia-
variant spatial human body system. The formulation allows for the study of the 
human body as a whole or a particular segment of the body. 
4- To treat the lumbar spine as a flexible and an integral part of the whole human 
body system. Flexibility of the lumbar spine is introduced into the mathematical 
model using a set of short and stubby finite elements which describe the behavior 
of the vertebrae and discs in the lumbar region and which account for both 
geometric and inertia nonlinearities. 
5- To investigate the use of component mode synthesis techniques in this 
formulation to reduce the large number of elastic coordinates thus eliminating 
high frequency modes of vibrations in order to minimize the computer cost and 
time. 
6- To apply the model and analysis to 2-D sagittal plane activities to study the 
dynamic response of the whole human body during such activities. 
38 
Chapter Two 
2.0 Single Motion Segment Parameters 
2.1 Introduction 
Despite being diagnosed 5000 years ago (Snook, 1991), and being treated 
ever since, low back pain (LBP) is still not fully understood and its causation is also 
not well known. Wilder and Pope (1996) and Carey et al. (1996) have indicated that 
low back problems are increasing. Treating and rehabilitating low back sufferers are 
costly to both industries and health and welfare institutions, and most importantly 
low back problems are the most common cause of disability (Marras et al., 1994; 
Pope and Novotny, 1993). Wilder and Pope (1996) pointed out that, in the U.S.A. the 
treatment of low back disorders and the cost of the work loss amount to 80 billion 
dollars annually. Two million workers are affected and chronically disabled in the 
industries of the U.S.A. and 5.4 million Americans are disabled per annum (Carey et 
al., 1996). Low back disorders have been attributed to a number off actors, including 
industrial work, and work posture (Lavender and Marras, 1994; Omino and Hayashi, 
1992; Andersson, 1981 and 1991; Pope, 1989; Snook, 1989; Kelsey and White, 
1980). Many investigators found strong associations between low back problems and 
lifting, pushing or pulling, and work intensity (pope et aI., 1991; Schultz et a!., 1982; 
NlOSH, 1981; Andersson, 1981; Kelsey and White, 1980; Magora, 1973; Chaffin, 
1973). Repetition of tasks; misting and bending as wellfas' exposure to excessive 
vibration have also been seen to contribute to low back problems (Wilder and Pope, 
1996; Bovenzi and Betta, 1994; Marras et al., 1993; Dolan and Adams, 1993; 
Magnusson et al., 1993; Kyserling et al., 1988; Rubin et aI., 1987; Troup et al., 
1970). Perhaps the main contributor to LBP has been identified to be the mechanical 
overloading of the spine during manual material handling tasks (Stokes, 1997). 
Stokes pointed out at the end of a workshop on the problems of the low back pain, 
that much work needed to be done on the subject and that epidemiological research 
in LBP was inadequate. 
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One way of contributing to the subject of LBP is the use of indirect methods 
of measurement. Goel and Lotz in Stokes (1997), commented by stating that, the 
living human lumbar spine was very inaccessible to direct measurements, and in 
order to study it, many indirect methods including cadaver testing and mathematical 
modelling must be used. Adams (in Stokes, 1997) concluded that, analytical and 
finite element modelling should replace cadaver testing, despite some of the inherent 
drawbacks. 
For the development of biomechanical models of functional spinal units 
(FSU) of the intervertebral column geometrical and material property data are 
required. The data should be both accurate and readily available. To date, despite the 
vast amount of literature on the topic it is difficult to find the data needed in one 
location. The data are widely scattered, which makes it difficult to access, for two 
reasons. Firstly, some researchers simply do not record the type or origins of the 
data; secondly, not all the data which are referred to by other researchers can actually 
be found. Therefore, in the current investigation linear dimensions and material 
properties of vertebrae and their discs from T1 to L5 have been extracted from 
existing literature. The data is then put in tabulated and graphical forms. A brief 
analysis is then performed and a set of average values is recommended for use in the 
construction of models of human vertebral column. 
2.2 Geometry parameters published in the literature 
For the construction of his model of a thoraco-Iumbar spine, Chaffin (1969), 
used the dimensions of Fick (1904), and Lanier (1939), after scaling them 
proportionally to suit his SUbjects. From this model only the vertebrae and discs, 
anterior heights and posterior heights could be extracted, while the other important 
dimensions were not provided. In the thoraco-Iumbar spine models of Orne and Liu 
(1971) and Schultz et al. (1973) only the central heights of the vertebrae and their 
intervening discs from Tl to L5 were presented. Schultz and his team scaled and 
adjusted the dimensions that were taken from the body of human skeletal segments to 
agree with Lanier's (1939), data for an average size vertebra. From the data 
presented in last two references it is difficult to construct even a 2-D model of the 
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spine, since in most cases besides heights, linear dimensions such as widths and 
depths of both the superior and inferior surfaces of the vertebrae are required. This 
emphasizes the need to obtain a reliable and complete set of data when constructing a 
model of the human spine. Perhaps the first or at least one of the rare reports 
specifically done to provide the geometry parameters of vertebrae and discs was that 
of Nisan and Gilad (1986). Unfortunately the investigators have only reported the 
geometry of the lumbar spine and were not able to report the geometry of the 
thoracic spine due to the presence of the ribs. Measurements that were taken from x-
ray films of the lumbar spines of 157 bus drivers included widths of the superior and 
inferior surfaces plus the anterior and posterior heights. Data for whole or part of 
lumbar vertebral bodies and part of thoracic vertebral bodies were presented by 
Berry et al. (1987) and Scoles et al. (1988). Measurements were taken on male and 
female human skeletons from a museum. The dimensions were the anterior, central 
and posterior heights, plus the minor and major diameters of the superior, inferior 
and mid surfaces of the vertebral bodies. Scoles et aI., reported good correlation 
between the height of the vertebra and the height of the individual. 
Cotterill et al. (1986) reported widths, and depths of the inferior surfaces plus 
the posterior heights of the vertebral bodies of human and calf spines. From the 
report of Krag et al. (1988) who used eT scans of thoracic and lumbar spine of 
patients only vertebral body lengths, or depths could be extracted and reported here. 
This also emphasizes the need for more comprehensive data as these few incomplete 
dimensions could never' be adequate for the construction of a reasonably accurate 
vertebral column. 
Fortunately, Panjabi et aI., (1991 and 1992) conducted a detailed study and 
presented geometrical parameters of the thoracic and lumbar vertebral bodies. 
Unfortunately the data on the intervening discs were not presented. A further 
limitation is that the number of specimens used were very limited (only 12), which 
makes the data to some extent specific. The measurements included widths and 
depths of the inferior and superior surfaces and the posterior heights of the vertebral 
bodies. 
40 
· For the development of their finite element model of L 1 to L4 motion 
segments Robin et al. (1994) obtained the linear dimensions of vertebral bodies from 
digitising x-ray films in the anteroposterior and lateral views. However, they 
constructed their model using the mean dimensions of Scoles et al. (1988). 
Moreover, for the height dimensions of the discs Robin and his team assumed these 
heights to be one - third of the height of the adjacent vertebral bodies. 
Breau et al. (1991) presented the dimensions of the intervertebral disc from 
L lIL2 to L5/S 1. Even though the entire lumbar spine was modelled, the linear 
dimensions of the vertebral bodies were not reported. Moreover, Breau and his team 
used only one 65 year old subject to make the measurements from eT scan images. 
Farfan et al. (1970) and Miller et at. (1986) have both reported only the disc 
frontal and sagittal diameter measurements of selected lumbar discs of different age 
groups. 
For the development of an anterior part of a thoraco-Iumbar vertebral column, 
a number of linear dimensions of the vertebral bodies and their intervening discs are 
required. The linear dimensions include the widths, depths and heights in both the 
frontal and sagittal planes. From the preceding discussion, it appears that very few 
studies have been specifically conducted to provide the necessary data on the 
geometry of the vertebral bodies and the discs. In fact, such data is strongly needed 
by researchers in the field of biomechanics, because they are not readily available. 
Some of the studies were conducted to provide data for spinal fixation, while others 
were conducted to study the responses of the motion segments under various loading 
conditions. As a consequence very limited dimensions of the vertebral bodies and 
discs were reported in these studies. To make matters worse these few available 
dimensions are scattered all over the literature and are difficult to obtain. The author 
has spent considerable time and a great deal of effort into collecting all the published 
data and presenting them in a suitable form at the disposal of every one interested. 
The present study is thought to be the first of its kind, and as a result all the linear 
dimensions have been collected from the published reports, tabulated and presented 
in graphical form. The various parameters have been analysed and discussed in the 
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preceding sections and in sections 2.4-2.6. As has been pointed the literature does not 
provide a comprehensive view of such data and is frequently incomplete. 
Biomechanists now have a choice of picking any set of data from any of the studies 
reported here or taking the average values recommended. The advantage of the 
average values given is that they represent the mean of a large number of specimens, 
rather than the means given in each single study which represent a small number of 
specimens. The vertebral body width to height and width to depth ratios are also 
given here which is very convenient and useful in cases where only one of the 
dimensions is known. It is believed that this comprehensive data, once it becomes 
available to the community, will be a positive contribution towards the enhancement 
of the models of the human spine anterior part. It has been established that the 
anterior part of the motion segment is the region of high magnitude of strain and 
which are more susceptible to fractures and failures. 
2.3 Vertebral body linear dimensions 
The linear dimensions of the anterior part of the vertebral body that have 
been compiled include the frontal or lateral widths (Vertebral Body Widths, VBW), 
of the superior and inferior surfaces; the anterior, posterior and central heights 
(Vertebral Body Heights, VBH); and the depths (Vertebral Body Depths, VBD) of 
the superior and inferior surfaces. In figure 2. 1 the anterior and posterior views of a 
lumbar vertebra are illustrated in which the linear dimensions and the notations 
adopted are also shown. The notations used are described in table 2.1. All the 
dimensions together with the averages and the ratios are shown in tables 2.2-2.12. 
The plots of the dimensions of the lumbar region of the vertebral column with their 
averages, which are recommended to be considered when developing models of 
lumbar spines, are shown in figures 2.2-2.11. The author's immediate need was for 
the construction of a 3-D finite element model of a single motion segment to study its 
mechanical behaviour under compressive loading. The finite element model of a 
single motion segment uses the set of average values as described in chapter three. 
The grand averages of widths, depths, and heights as well as the ratios between them 
are shown in figure 2.11. It is understandably observed, because of the nature of 
biological elements, that some variations in the dimensions of the vertebral bodies 
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and their discs do exist even for the same age group, stature, and gender. By 
observing and closely examining the dimensions, the average curves show that the 
widths of the vertebral body increase gradually from LI to L5 following 
approximately linear relationship. The mean widths of the superior and inferior 
surfaces started at 43.20 mm at LI vertebra, increased caudally reaching 50.89 mm at 
L5 vertebra. 
VBWIS 
DISC 
Figure 2.1 The linear dimensions of the vertebrae and discs. 
This means that the lumbar part of the vertebral column takes the shape of a 
truncated cone with its base at L5 when viewed in the anteroposterior direction. The 
ratio of the body widths to the body heights (VBWNBH) increased from LI to L5 
by about 15 % of the value at LI (figure 2.7). However, the width to depth ratio 
(VBWNBD) increased by 11 %. On the other hand, the mean of the dimensions of 
the depths of the superior surface and inferior surface started at 32.25 mm at LI level 
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and consistently increased reaching a value of 34.10 mm at LS level. The curves of 
average heights indicate that the differences between the heights (anterior, posterior, 
and central heights) of lumbar vertebrae are slight, not exceeding 3 mm in extreme 
cases. The curve of the grand mean heights is almost horizontal with a maximum 
difference of 1.3 mm indicating that lumbar vertebral body heights can be considered 
constant when models are developed. For LI to LS vertebrae the depth to height ratio 
varies by a maximum of 4%. 
Table 2.1 Table of Nomenclature 
Mnemonics Description 
VBWss Vertebral Body Width of the Superior Surface 
VBW1s Vertebral Body Width of the Inferior Surface 
VBDss Vertebral Body Depth of the Superior Surface 
VBDIS Vertebral Body Depth of the Inferior Surface 
VBHA Vertebral Body Anterior Height 
VBHp Vertebral Body Posterior Height 
VBHc Vertebral Body Central Height 
IVDHA Intervertebral Disc Anterior Height 
IVDHp Intervertebral Disc Posterior Height 
IVDHc Intervertebral Disc Central Height 
IVDDF Intervertebral Disc Frontal Diameter 
IVDDs Intervertebral Disc Sagittal Diameter 
~."'~ 
2.4 Intervertebral disc linear dimensions 
The linear dimensions of the intervertebral discs that have been compiled 
include the anterior, posterior and central heights (IVDH); and the frontal and 
sagittal diameters (IVDD). These dimensions are illustrated in figure 2.1, and the 
notations adapted are described in table 2.1. Table 2.9 displays the various 
dimensions of the intervertebral lumbar discs LlIL2 to LS/S I, while table 2.1 0 
displays the dimensions of the thoracic discs from TlIT2 to Tl21L1. These data 
have been extracted from published research studies. A set of average values 
which have been determined from these figures are also shown at the bottom of 
44 
each table. The disc dimensions include the anterior, posterior, and central heights 
(IVDH) and the frontal and sagittal diameters (IVDD). The lumbar discs linear 
dimensions together with average values have been plotted and are shown in figures 
2.8-2.11. The average disc height is seen to have consistently increased 
from LIIL2 disc to L41L5 disc and then slightly decreased at L5/S 1 disc with an 
overall mean height of 10.08 mm (figure 2.11). However, the mean frontal 
diameter of LIIL2 disc to L3/L4 disc increased from 51.68 mm to 54.07 mm, but 
the L31L4 disc frontal diameter decreased to 52.95 mm. Values for L5/S I disc 
frontal and sagittal diameters were not available, but these can be deduced from 
the inferior surface widths and depths of L4 vertebra. The disc sagittal diameters 
for LIIL2 disc to L41L5 disc are almost constant, except for L31L4 disc where they 
decreased slightly. 
2.5 Material property parameters ofvertebraI bodies and discs 
The nature of the biological elements and their time dependence makes 
the determination of accurate mechanical properties very difficult if not impossible. 
For the development of accurate models of human spines or spinal motion segments, 
beside geometric parameters which are discussed in the previous section, material 
property parameters of various elements of motion segments are needed. The human 
spine is made up of a number of motion segments, and a motion segment comprises 
of an anterior part and a posterior part. The posterior part comprises facets, ligaments 
. and pmcesses, and the anterior portion comprises the superior and inferior vertebral 
bodies, superior and inferior endplates, plus an intervening disc (see chapter one for 
more details). The vertebral body consists of a hard shell surrounding a spongy 
cancellous bone, and the disc consists of a central nucleus surrounded by concentric 
layers of annulus which itself is a composite of ground substance embedded by fiber 
elements. The required material properties include, the Modulus of Elasticity (E), 
Poisson's Ratio (v), Shear Modulus (G), and Density (P) of each of these elements. 
Unlike conventional engineering material where the mechanical properties 
are well established, in the case of the biological material exact values of the 
mechanical properties are still not known and will never be known. Nevertheless, 
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beside this restriction the research studies and the investigators in the area of 
biomechanics have always been able to overcome this constraint by either carrying 
out experimentation on the biological elements themselves (Galante, 1967, Yamada, 
1970, Rolander, 1966, and many others) for the purpose of providing such data to the 
biomechanical community, or have determined their own set of data by matching 
their results with the experimental results (Belytschko et al., 1974, Rao and Durnas, 
1991). Some have done both and some have even derived a completely different set 
of data using optimization techniques (WU and Chen, 1996). 
As a contribution to the field of biomechanics the current author has spent a 
considerable amount of time in collecting what ever data was at his disposal during 
the development of a finite element model of a motion segment and put them in 
tables for quick reference (see tables 2.11 and 2.12). It is interesting to note that, 
beside some controversy over the exact values which best represented the material 
properties of these dynamic elements, the majority of investigators agreed on specific 
values. For example most investigators have used Young's Moduli of 12000 MPa for 
the cortical shell of the vertebral body, 100 MPa for the cancellous bone, between 
23-25 MPa for the cartilagenous endplate, between 2-4.2 MPa for the annulus ground 
substance, and between 0.1-4 MPa for the nucleus. Belytschko et al. (1974) used 
Young's Moduli of 1061 MPa (from Evans, 1970) and 7500 MPa (from Yamada, 
1970) for the cortical shell and cancellous bone respectively, and assumed a 
Poisson's Ratio of 0.25 for both elements. The material constants of the annulus 
fibrosus were derived by comparing the results of his model with the experimental 
results of Galante (1967) and Rolander (1966) and adjusting them to match the 
overall disc behaviour. Hakim and King (1979) on the other hand used a number of 
different values for their 3-D finite element model of the vertebral body. Static and 
dynamic runs of their model were conducted and for the static run the set of materials 
property data that was used had higher values than those used for a dynamic run. 
This was because with the higher values the strains were higher in magnitude and did 
not correspond with the loads encountered. 
When Rao and Dumas (1991) conducted a sensitivity analysis for each 
structural component of their model of the L5/S 1 disc they concluded that both the 
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Young's Modulus and the Poisson's Ratio of the ground substance of the annulus 
played an important role in the prediction of the biomechanical response of the disc. 
For the design of their 3-D geometric and mechanical finite element lumbar spine 
model Lavaste et al. (1992) took average values of Young's Modulus and Poisson's 
Ratio from the literature(Goel et al., 1988; Shirazi-Adl et al., 1984). However, 
Dietrich et al. (1992) took the material properties for the cortical shell and the 
endplates for their finite element model of the L21L3 motion segment from Rao and 
Dumas (1991), and for the annulus fibrosus from Spilker et al. (1986). Wu and Chen 
(1996) took the Young's Modulus for low fluid components of their motion segment 
model from Belytschko et al. (1974) and the Young's Moduli of remaining 
components were derived by a modified nonlinear optimization technique based on 
experimental results (Wu et al., 1986; Wu 1993). The values derived by the latter 
reference are low compared with others (see table 2.11). 
In the finite element model of the L21L3 segment of Argoubi and Shirazi-Adl 
(1996), the material properties were extracted from experimental as well as model 
studies reported in literature, the references are given in the original article. Values 
were chosen which yielded overall displacements which were comparable with 
known results. Shirazi-Adl et al. (1986); Kasra et al. (1992); Goe! et al. (1993, 1995); 
Sharma et al. (1995) and Kong et al. (1998) all used material properties of different 
elements of their finite element model of a motion segment from a number of 
sources, namely, Brown et al. (1981); Burstein et al. (1976); Evans (1973); Carter et 
al. (1981); Lindahl (1975); Yamada (1970); WU and Yao (1976); Simon et al. 
(1985); Lim (1990); Shirazi-Adl et al. (1984); Haut and Little (1972); Sanjeevi et al. 
(1982); White and Panjabi (1990); and Chazal et al. (1985). Finally, Yoganandan et 
al. (1997), chose ranges in moduli of endplate and annulus corresponding to the 
expected variation in the material properties representing the maturation process in 
living humans (see table 2.11). Low values represent immature/young material and 
the highest values represent a mature material. 
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Table 2.2 Linear dimensions of lumbar vertebral body of L 1. 
Ne':'., .. 
('986) 
.54 
,. 
4. 
12 
.. d 
'0-38 
(26.8) 
50-10 
,8-" 
(36) 
19·" 
(463) 
.. d 
Average Values (mm) 
ad 
1.60-1.90 
(1.7» 
.. d 
1.>7-1.711 
(1.68) 
.. d 
M 
.. d 
.. d 
M 
"M 
". 
"Id 
'40 
BM 
40 
ad ad 
ad .. d 
ad 
4510 49.10 
ft.d .. d 
..... !" 
.. d 
(4'.60) 
4110 43.30 
ad 38.80 
<2.10 43.70 
33.50 
31.90 
34.10 
33.20 
.. d 
.. d 
34.10 
32.30 
31.00 
~,~: 
(23.'0) 
3:5.30 
26.70 
31.30 
'6.17 26.89 
.. d 26.42 
27.20 
25.40 27.10 .. d 
25.00 " ... .. d 
n.d n." n.d 
.. d. 23.80 n.d. 
26.40 ft.d 
".5O 26.00 26." 
t -dimensions are intrapolated from Scoles et al.. (1988) ... dimensions of the centrum n.d .. not documented M - mate 
F -female 
Table 2.3 Linear dimensions oflumbar vertebral body ofL2. 
IW: No. of Age in s ...... ....., VBWa VBW • VBo.. VBo" VB", VBHp VB"" 
""" 
v ... (m) (~) (mm) (mm) (mm) (mm) (mm) (mm) 
~ ...... iM~) 
a..ffin .. d .. d .. d M od .. d ft.d .. d 27.91 28.36 .. d 
(1%9) 
""" .. 
.... .. d .. d ad. ..d od .. d .. d. .. d .. d od 26.92 
(19") S<."" 
"". 
n.d n.d .. d .. d ft."
1 
.... .... n." .... ft." 21.90 
(''';) 
--r--' """' .. Gibd IS? '0-38 1.60-1.90 M n.d. .. .. 34.40 34.10 271. 28.00 .... 
('986) 
(26.8) (1.75) 
B<ay<t "M 
.... 
,. 50-10 n.d. ".10 54.80 33.30 33.40 17.90 25.20 .... 
('987) ,SF 
""" .. 
18-75 '7M 
.... 41 .... 0" .... ft." 32.50 .. .. .... .. .. ('988) (36) '41' 
Panjabi. 19-59 1.57·1.78 .M 
<t"" 
" 
42.60 4S,S(l 34.60 34.90 .... 24.30 ft." 
(1992) (46.3) (1.68) 4' 
Room 
(~~ .... .... .... .... .... 41.10 ft." 283 .... 27.10 .. .. 
Avenge Values (mm) 45.20 41.10 34.10 32.80 21.70 26.60 27.40 
t .. dimensions are intrapolated from Scoles et aL, (1988) ... dimensions of the centrum n.d .. not documented M - male 
F -female 
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Table 2.4 Linear dimensions oflumbar vertebral body of L3. 
R<t ~~f S "(.:) -~ ~::i :) ~=- "(.:J' ~ r,:; "(.:; ...,. 
~ ~~ ad. ad. M ad. aa ad. ad. "'." u.", a~ 
ad. ad. ad. ad. ad ad ad. ad. ad. n.d. 27.43 
(1971) 
~r ad. ad. ad. ad. ad ad. ad. ad ad. ad. 28.00 
~~t .,7 ,0." 1.60-1.90 M ad ad. 34.70 34.60 27.90 m • n.d. 
I".B) IW) 
'=." I. ad. ad. M ad 44.'" ad. 32.70' ad. 2>.00 ad 
(1986) 
:!: 30 ,..,. ad "M 49.60 53.80 33.90 34.20 27.40 26.00 ad ISF 
~ 41 I .. " ad. '1M ad. ad. ad. 3O.SO ad ad. n.d. CJ6) 14F 
:;.: SO , .... n.d. ;~~ ~:~ ad. ad. g;~ n.d. ad. l;::: (46.00) (27.60) 
:~! 12 1~59 1.57·1.78 BM 44.10 48.10 35.20 34.80 ad. 23.80 ad. (46.3) (1.68) 4F 
R;I~:)= ad. ad ad. n,d. ad 43.50 ad 29.90 ad. 27.80 ad. 
Average Values (mm) 4660 47.40 3460 32.60 27.80 2<00 27.10 
t ~ dimensions are intrapolated from Scales et al.. (1988) * . dimensions of the centrum n,d. - 001 documented M - male 
F-female 
Table 2.5 Linear dimensions oflumbar vertebral body ofIA. 
m NO. 0.' ro: '(':) ..- '(::j '(::i '(~i ;:,') ~.:; ~.:; ;.:; 
"'" ...,. 
(M';;') 
j:;' ad. ad. ad. M . ad. n.d. ad. ad. 28.13 '6.43 ad. 
":",':' ad. ad. ad. .. d. n.d n.d. ad. ad. ad. ad. 29.46 
1! ad ad. ad. ad. n.d. n.d. .. d. ad. ad. ad. 27.40 
N:;:,t IS7 ,0." 1.60-1.90 M ad. ad. 34.30 34.90 27.40 27.10 ad. 
(1986) 
(26.8) (1.75) 
:3: 30 "'7<) ad. "M :51.20 SO.90 34.90 3:5.60 26.70 26.40 ad. ISF 
~ 41 I"" ad. '1M •. d. ad. ad . 32.00 ad. n.d. ad. (36) I4F 
:~~~ 12 I .. " 1.>"1.78 .M 46.60 49.50 3:5.50 33.90 ad. 24.10 ad. (46.3) (1.68) 4F 
~~~ ad ~d ad .. d ad 46.00 ad 30.20 ad 28.00 ad. 
Avenge Values (mm) 48.90 48.80 34.90 33.JO 27.40 26.40 28.40 
t -dimensions are intrapolated from Scoles et at. (1988) * - dimensions of the centrum n.d - not documented M - male 
F-female 
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Table 2.6 Linear dimensions oflumbar vertebral body of L5 . 
"" 
No. of Ag<m 
"""" 
........ VBWu VBW. VBo" VBo. VBHA VBH, VB", 
-
y- (m) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
m .. !::.:, 
CIWfin ~d M ~d M ~. ~. ~d. ~. 28.87 22.67 n.' 
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Om< & 
Liu !i.ill n.d ~d ~d n.d ~d ~d M ~. ~d ~. 27.94 
SclwItt 
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""" 
I'" 20-38 1.6()..1.90 M ~d ~. 34.20 33.90 28.10 25.70 n.' 
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(26.8) (1.7j) 
B<ayd ISM 
~ .. 30 50-70 ~. 53.40 52.70 35.10 34." 28.70 23.10 n.' 
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Kngd 18-75 27M 
ol. 41 ~. ~d ~. ~d 33.00 ~d ~. ~d 
(1988) (36) 14' 
""lad 25M 52.90 "-"'. 27.60 
oL. SO 20-40 ~d n' .... 60 ~. ~d 31.50* ~. ~d 28.10 (1988) (SO.80) (33.00) (17.90) 
Panjabi 19-59 1.57·1.18 BM 
dol. 12 41.30 49.40 34.70 n.20 nd 22.90 ~d 
(1992) (46.3) (1.68) 4' 
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t· dimensions are intrapolated:from Scoles et al., (1988) •• dimensions of the centrum n.d. - not documented M - male 
F-female 
Table 2.7 Average linear dimensions oflumbar vertebral body calculated from 
tables 2.2 - 2.6. 
c:s:: eve! Ll L2 L3 L4 L5 Dimensions (mm) 
VBWss , 42.70 45.20 46.60 48.90 50.50. 
VBWIS 43.70 47.10 47.40 48.80 51.10 
Mean Width 43.20 46.15 47.00 48.85 50.80 
VBDss 33.20 34.10 34.60 34.90 34.70 
VBDIS 31.30 32.80 32.60 33.30 33.50 
Mean Depth 32.25 33.45 33.60 34.10 34.10 
VBHA 25.50 27.70 27.80 27.40 28.60 
VBHP 26.00 26.60 26.00 26.40 23.60 
VBHc 26.80 27.40 27.70 28.40 27.40 
Mean Height 26.10 27.23 27.17 27.40 26.53 
VBW/VBH 1.66 1.69 1.73 1.78 1.91 
VBW/VBD 1.34 1.38 1.40 1.43 1.49 
VBD I VBH 1.24 1.23 1.23 1.24 1.29 
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Table 2.8 Linear dimensions of thoracic vertebral bodies ofT! - T12. 
Vert- No. Age .. 
Rei e""" of y..., s ...... send« VBWu VBWm VBo" VBo.. VBII,. VBH, VBIIc 
Level .pec. Rm>ge (m) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
(M=) 
Chaffm Tt ad. ad. ad M ad. n.d ad. ad 16.61 11.03 ad 
(1969) 1"2 ad. ad. ad. nd. 17.13 18.03 nd 
T3 ad ad nd ad 18.38 18.63 nd 
T4 n.d ad nd ad 18.78 19.92 nd. 
TS nd ad ad ad 19.00 20.50 nd 
T6 ad. ad nd. nd 19.03 20.78 ad. 
T1 n.d nd ad. nd. 18.97 21.37 nd. 
TB ad ad. nd nd. 19.65 21.78 nd. 
T9 ad. ad. nd. nd 20.82 22.28 ad. 
TtO ad ad. ad nd 23.30 23.70 nd 
TII ad ad ad. ad 22.94 24.34 ad. 
Tt2 ad ad. nd nd 24.29 25.29 nd 
Ome& Tt nd ad ad ad ad ad ad ad ad. ad 20.32 
Liu 1"2 ad. nd nd ad nd. ad. 17.78 
(1911) n nd nd. nd ad nd. ad 17.78 
T4 nd. nd nd ad n.d. nd. 17.78 . 
TS nd nd nd ad nd nd 18.29 
T6 nd nd nd nd n.d ad 18.80 
T1 nd ad ad ad nd nd 18.80 
TB ad. ad ad nd nd ad 18.80 
T9 nd n.d nd ad. ad nd 20.32 
TtO nd ad ad. nd. ad nd 21.08 
TII n.d. nd. ad n.d nd nd 23.88 
TI2 n.d nd. nd n.d ad n.d 25.40 
Schultz Tt ad. ad nd nd nd n.d ad n.d nd ad 16.80 
.. 01.. 1"2 nd nd nd nd nd nd 17.90 
om) n nd nd n.d ad nd ad 18.50 
T4 ad nd nd ad. nd nd 19.00 
TS nd nd ad nd nd nd 19.60 
T6 nd nd. nd n.d nd n.d. 19.90 
T1 nd nd nd nd nd ad 20.20 
TB .ut. ad ad. ad. nd nil. 20.10 
T9 nd nd nd nd ad ad 21.40 
TtO nd nd nd nd nd nd 23.00 
TII nd. nd nd nd nd nd 24.30 
Tt2 n.d nd nd n.d nd. n.d 25.70 
Cotterr TI 10 nd ad. M nd. nd nd. nd. nd. nd. ad 
ill et 1"2 nd. nd. ad nd nd nd nd 
01 .• n nd. nd nd ad ad. ad ad 
(1986) T4 nd nd ad. ad nd nd. nd 
TS nd nd nd nd nd. nd nd 
T6 n.d 25.10 ad 21.80 nd. 11.50 nd 
T1 , nd nd .... , ad nd n.d . nd 
TB • nd ad ad ad ad nd . nd 
T9 n.d nd n.d nd ad nd n.d. 
TlO nd nd nd ad ad nd nd 
TlI nd n.d ad ad ad n.d nd 
Tl2 n.d. 37.30 n.d 27.50 nd. 21.60 nd 
Kng TI 41 18-75 nd 27M nd. nd n.d nd nd. nd. nd 
et al. 1"2 (36) 14F nd nd nd nd nd. nd nd 
(1981) n n.d n.d nd ad nd. nd n.d 
T4 nd nd. ad. nd nd. nd. ad 
Tl ad. nd ad nd. nd. ad ad. 
T6 n.d. nd n.d n.d n.d nd. n.d 
T1 od ad nd nd nd. nd nd 
T8 nd ad ad. ad. nd ad. nd. 
T9 nd nd ad 31.80 ad ad nd 
TlO nd nd ad 32.40 nd nd nd 
TII nd nd ad 30.10 nd ad. nd 
Tl2 nd nd ad 3220 ad n.d. nd. 
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Table 2.8 Continued. 
V, ... No. Age in 
Ro£ ,brnl of y- S"",,, _=le< VBWu VBW. VBD .. VBo. VBH. VBH, VB"" 
Level 
-. =) (m) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
Beny Tt 30 50.70 n.d ISM b.d b.d b.d b.d b.d b.d n.d 
et al .• n ISF 29.80 33.50 18.10 19.00 17.60 16.50 n.d 
(1987) T3 n.d. n.d b.d b.d. n.d b.d. n.d 
T4 n.d n.d n.d. n.d. n.d n.d n.d. 
TS n.d b.d n.d n.d. n.d n.d n.d, 
T6 n.d. n.d n.d b.d n.d b.d b.d 
T7 31.00 33.20 27.00 28.00 18.70 19.10 n.d 
TB n.d b.d b.d b.d b.d b.d b.d 
1'9 b.d b.d n.d b.d b.d b.d b.d 
TIO n.d b.d b.d b.d n.d b.d n.d 
Tll n.d b.d n.d n.d n.d n.d b.d. 
T12 43.80 46.80 31.70 31.20 23.40 24.80 n.d 
Sool" Tt SO 2040 b.d 25M 26.55 b.d b.d. 15.40 n.d. n.d 16.25 
ctal.. n 2SF n.d b.d n.d b.d n.d n.d n.d 
(1988) T3 25.85 b.d n.d 18.20 n.d. b.d 18.10 
T4 n.d b.d n.d b.d n.d. b.d b.d 
TS b.d. b.d b.d b.d b.d. b.d b.d 
T6 27.35 b.d b.d 22.80 n.d. b.d. 19.30 
T7 n.d. b.d n.d. b.d n.d. b.d n.d 
TB n.d. b.d n.d. n.d. n.d n.d n.d. 
1'9 30.90 b.d. n.d. 26.05 b.d n.d. 21.15 
TtO n.d b.d n.d n.d b.d b.d. b.d 
Tll n.d n.d n.d n.d. n.d. n.d. n.d. 
Tt2 39.60 b.d n.d 27.35 n.d. n.d 25.25 
Panjabi Tt 12 19-59 1.57-1.78 'M 24.50 27.S{) 18.50 19.70 n.d 14.10 n.d 
et al .• T2 (46.3) (1.6') 4F 24.90 27.40 19.60 21.60 b.d 15.60 n.d. 
(1991) T3 24.60 25.90 2210 23.30 b.d }5.70 n.d 
T4 24.50 26.00 23.30 24.50 b.d 16.20 n.d 
TS 24.90 27.00 24.30 25.80 n.d 16.20 b.d 
T6 26.20 2&.20 26.00 26.90 n.d 17.40 n.d. 
T7 27.80 29.10 27.40 28.50 b.d 18.20 b.d 
TB 29.50 30.50 27.90 29.40 n.d 18.70 n.d 
1'9 30.60 33.00 29.30 31.00 n.d 19.30 n.d. 
TIO 31.90 35.40 30.50 31.60 n.d 20.20 n.d. 
Tll 34.90 39.10 31.90 31.80 n.d. 21.30 n.d 
TI2 39.00. 42.10 32.80 33.40 n.d. 22.10 b.d 
Tt 25.53 27.80 18.SO 17.55 16.61 15.51 11.79 
n 27.35 30.65 18.85 20.30 11.61 16.11 17.84 
T3 25.23 25.90 22.10 20.15 18.38 17.11 18.13 
T4 24.50 26.00 23.30 24.50 18.78 18.06 18.39 
TS 24.90 27.00 24.30 25.80 19.00 18.35 18.95 
Average Values-(mm) T6 26.18 26.65 26.00 23.83 19.03 19.09 19.33 
T7 29.40 31.15 27.20 28.25 18.84 19.56 19.50 
T8 29.50 30.50 27.90 29.40 19.65 20.24 19.75 
1'9 30.75 33.00 29.30 29.62 20.82 20.79 20.96 
TlO 31.9It ;:;S 10:- "'..sO 32.00 23.30 21.9~ .• ~22.0\4 . 
Tll 34.90 39.10 31.90 31.80 22.94 22.82 24.09 
Tl2 40.80 36.65 32.25 30.33 23.85 24.26 25.45 
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Table 2.9 Linear dimensions of the intervertebral lumbar discs. 
Rd: DUe No. of Age in Years Statu<. ....... IVD!I. IVDI!, IVDIIe IVD", IVD!), 
Lovol ""oim "-(m",,) "- (mm) (mm) (mm) (mm) (mm) 
.M (m:,) 
(m 
Choffm Ll-L2 
-
-
5.50 3.40 
- -
-
(1969) L2-L3 
-
-
Average 5.30 3.10 
- - -
L3-L4 
- -
boigbt Mal. 1.98 4.68 
-
- -
IA-LS 
-
-
9.90 1.60 
- - -
L5-81 
-
-
15.65 6.45 
- -
LI-12 4 62-83 en.S) 
-
2M>I. 
- -
-
55.60 41.25 
64-73 (68.5) 
-
2F....I. 
- -
-
45.30 32.10 
L2-L3 6 54-83(64.2) 
-
5Mal. 
- - -
52.92 39.10 
Fonm 56 
-
IFemale 
- - -
41.90 31.00 
elal., 
(1970) L3-L4 6 45-73 (58.4) 
-
5Mal. 
- - -
53.64 36.26 
73 
-
IFemalc 
-
-
50.80 31.70 
IA-L5 5 27-73 (57.5) 
-
4Male 
- - -
53.65 36.95 
79 
-
IFemale 
-
-
-
61.2 39.6 
Lt-L2 
- -
-
- - -
9.65 
-
-
Om ... L2-Ll 
- -
-
- - -
10.41 
- -
Liu L3-U 
-
-
-
-
-
10.67 
-
-(1971) IA-L5 
- - -
12.19 
- -
L5-S1 
- - - - - -
9.14 
- -
LI-L2 
- - - - -
10.00 
- -
Schultz L2-L3 
- - - - - -
11.40 
- -
ctal., L3-L4 
- - - - - -
12.20 
- -
(1973) IA-L5 
- - - -
-
-
14.00 
-
L5-S1 
- - -
15.70 
- -
Milleret Ll-L2 4 1841 (26.8) 
-
Mol. 
- - -
47.75 37.75 
ol.. L2-L3 4 27-37 (30.8) - Mal. 
-
-
-
52.75 37.50 
(1986) L3-L4 2 2741 (34) 
-
Mal. 
- - -
54.50 31.00 
IA-L5 4 27-37 (30.;1 
-
Mol. 
- - -
52.25 38.50 
Nisan& Ll-L2 8.90 6.70 
- - -
Oilad L2-L3 1.60-1.90 All Mal. 10.30 7.20 
- -(1986) L3-L4 157 20-38 (26.8) (1.75) 12.00 1.70 
- - -
IA-LS 14.10 7.50 
-
-
-
LS-SI 15.10 6.10 
- - -
LI-L2 
-
14.30 7.90 
- -
33.80 
S"'" .. L2-L3 - 14.20 10.20 - - 35.60 
<>I., L3-IA I 65 
-
Mal. 14.50 11.60 
- -
34.50 
(1991) L4-L5 
-
16.10 1l.30 
-
-
34.70 
L5-S1 
-
15.00 5.10 
- -
36.60 
Robin et LI-L2 
- - -
-
8.92 
- -
ol., L2-L3 
- - - -
-
-
9.15 
- -
11994) L3-IA 
- - - - - -
9.30 
- -
LI·L2 9.57 6.00 9.52 51.68 37.60 
Present Study L2-L3 .'-"' -9:93· 6.83 10.32 
-
5ZJt4 -:11' 4!l 
Average Values L3~U --,~ HA9 7.99 10.n )4.u7 .5~.!,I2 
(male specimens only) L4-LS 13.37 8.80 13.09 52.95 36.72 
L5-51 15.23 5.88 12.42 
- -
Mean Disc: Heights (mm) LI-L2 8.36 
L2-1.3 9.03 
(IVDHA + [VDIIp + IVDHd3) L3-L4 10.07 
L4-LS 1I.7S 
LS-SI 11.18 
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Table 2.10 Linear dimensions of the intervertebral thoracic discs. 
Ref. Disc Level IVDlJ.. IVDlIp IVDHc Remarks 
(mm) (mm) (mm) 
Chaffin TI-TI 3.50 2.78 n.d. Gender: average male. 
(1969) T2-T3 2.16 3.46 n.d. 
T3-T4 2.98 3.18 n.d Number of specimens 
T4-T5 1.13 2.93 n.d. tested, age and stature are 
T5-T6 1.73 2.43 n.d. not documented. 
T6-T7 1.98 3.38 n.d. 
T7-T8 2.12 3.42 n.d. 
T8-T9 3.43 4.63 n.d. 
T9-TlO 2.32 3.52 n.d 
TlO-Tll 2.17 2.77 n.d. 
TU-Tl2 5.78 5.08 n.d. 
Tl2-Ll 5.17 3.17 n.d. 
TI-TI n.d. n.d. 
-
Number of specimens 
Ome& T2-T3 n.d. n.d. 3.05 tested, age, gender and 
Lin T3-T4 n.d. n.d. 3.05 stature are not documented 
(1971) T4-T5 n.d. n.d. 3.05 
T5-T6 n.d. n.d. 3.05 
T6-T7 n.d. n.d. 3.56 
T7-T8 n.d. n.d. 3.81 
T8-T9 n.d n.d. 3.81 
T9-TlO n.d. n.d. 3.81 
TlO-TU n.d n.d. 4.32 
Tll-Tl2 n.d. n.d. 4.32 
Tl2-Lt n.d n.d. 7.11 
TI-TI n.d. n.d. 4.50 Number of specimens 
Schultz et T2-T3 n.d n.d. 3.10 tested, age, gender and 
al., (1973) TJ-T4 n.d. n.d. 2.70 stature are not documented. 
T4-T5 n.d. n.d. 2.20 
T5-T6 n.d. n.d. 2.60 
T6-T7 n.d. n.d. 3.20 
T7-T8 n.d. n.d. 4.00 
T8-T9 n.d. n.d. 4.50 
T9-TlO n.d. n.d. 4.70 
--
TlO-TU n.d. n.d. 5.10 
Tll-Tl2 n.d n.d. 6.80 
Tl2-Lt n.d. n.d. 8.40 
TI-TI 3.62 
TI-T3 2.94 
TJ-T4 2.98 
T4-Ts 2.33 
Mean Disc Heights (mm) T5-T6 2.45 
T6-T7 3.03 
(IVDHA + IVDHp + IVDH.J3) T7-TS 3.34 
TS-T9 4.09 
T9-TI0 3.59 
TlO-TU 3.59 
TU-Tl2 5.50 
Tl2-Lt 5.96 
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Table 2.11 Modulus of elasticity (E) of various elements ofa motion segment (MPa). 
I~ Be!yts. Hakim Shirazi Rao and Lavaste Dietrich Kasra Goe! Robin Shanna Go,! Wuand Argoubi Yogan· Kong chko and ·Ad! Dumas et a!. et at. et at. et a!. et a1. etal. et al. Chen And andan eta!. et al. King et at. Shirazi· et a1. Ad! Element (1974) (1979) (1986) (1991) (1992) (1992) (1992) (1993) (1994) (1995) (1995) (1996)' (1996) _ (1997)' (1998) 
Ex""Ey Ex=Ey= 
Cortical Shell 15794 11030 12000 a 12000 11300 12000 12000 12000 12000 12000 330 10000 10000 12000 
11300 Ez-
Ez= 22000 
22000 
2410, Ex=Ey EXEEy'" 
Cancellous 73.6 IS20, 100 -140 100 140 100 100 100 100 100 17.S 100 100 100 
Bone 760 Ez- Ez - 200 
200 
Endplate 23.8 
· 24 23.8 SOO 23.8 24 · SOO 2S · 330· S 50,500, · IS00 
Bulk 
· · · · · 
Er =9.S· 
· · · · · 
1.42 2.5 
· · Annulu 
· · 
4.2 
· -
2 E =6.823 4.2 4.2 2 4.2 4.2 
· · 
1.7,3.4,6.8 4.2 
Matrix 83 
· · 
1000 • SOO Ez=6.086 
· · 
SOo 
· 
450 
· · · 
S50,357.5 
Fibres 
Nucleus 
· · · · 
4 0.1 
· 
0.13 4 0.2 1 0.02012 I.S 0.34 1.326 
Cortical Shell 
& bony 16100 
· · · · · · · · · · 
330 
· · · 
endpl.te 
Cortical Shell, 12480, 
Endplate and 
· 
12480, 
· 
· · · · · · · · · · · · Processes 8620 
Cortical Shell, 12480, 
Cacellous 
· 
12480, 
· · · · · · · 
· · · · · 
Bone and 8620 
Endplate 
Posterior 
· · 
3S00 
· 
1000 
· · 
3500 1000 3500 3S00 3S00 
· 3500 
Elements 
· . 
Ligaments 
· · · 
10 20 
· · · · 
11 
· · · 
11 
Facets 
· · · · · · · 
10 
· · · 
330 
· · · 
a - derived values. b - values are for cervical spine. • - Young's Moduli in the direction of and transverse to fibres. 
Table 2.12 Poisson's ratio (v) of various elements of a motion segment. 
~ Belyts~ Hilim Shirazi. Rao on<! Lavaste Dietrichet Kwa et Goel Robin et Shonna Goel Wu and Argoubi Yogon. Kong ,hko and Adl Dum" et "'. ,I. ,I. etal. "'. et aI. et a1. Ch", And on,"", et "'. et al. King et al. Shirazi· et al. Element 11986) 11992' 11995) 11996' Ad! 11997\' 11998' 11974' 11979) 11991) 11992' 11992' 11993' 11994' 11995' 11996' 
0.25, v.,- V.," 
Cortical Shell 0.25 0.25. 0.30 0.484 0.30 0.484 0.30 0.30 0.30 0.30 0.30 0.25 0.30 0.29 0.30 
0.24 ValCVyalC v,.-v,.,. 
0.203 0.203 
0.20, v.,- v., -
Cancellous Bone 0.25 0.14. 0.20 00450 0.30 0.450 0.20 0.20 0.30 0.20 0.20 0.25 0.20 0.29 0.20 
0.14 YD."'V,,- "D.-Vyz:= 
0.315 0.315 
Endplate 0.40 
· 
0.40 0.40 0.40 0.40 0.40 040 0.25 
· 
0.25 0.10 0.40 
· 
Bulk 0.45 
· · · 
v%lz().626 
· · · · · · · Annulus Matrix 
· 
0,45 
· 
- 0.40 v..=o.023 0.45 0.45 0.45 0.45 0.45 0.45 0.10 0.40 0.45 
Fibres 
· · 
0.30 \1.,=0.021 
· 
0.30 
· · 
0.30 
· · · 
0.30 
Nucleus 
· · · 
0.499 0.4999 
· 
0.49999 0.499 0,49998 0,499 OAS 0.10 0.49 0.4999 
Cortical Shell & 
bonyendplate 025 
· · · · · · · · · 
0.25 
· · · 
Cortical Shell, 0.28, 
Endplate and 
· 
0.28, 
· · · · · · · · · · 
Processes 0.24 
Cortical Shell, 0.28, I Cacellous Bone 
· 
0.28, 
· · · · · · · · · · 
and Endplatc 0.24 
Posterior 
· · 
0.25 
· 
0.30 
· · 
0.25 0.30 0.25 0.25 0.25 0.29 0.25 
Elements 
· 
Ligaments 
· · · · 
0.30 0.40 0.30 
· 
11 
· · · 
0.30 
.. 
F",~ 
· · · 
· · · · 
0.30 
· · · 
0.25 
· · · 
t~ values are for cervical spine. 
Chapter Three 
3.0 Finite Element Model of a Single Motion Segment (SMS) 
3.1 Introduction 
There is a general agreement among biomechanists that the main cause of 
injury to lumbar motion segments, and hence the development of low back pain 
(LBP), is mechanical overloading. Despite the fact that LBP has been diagnosed and 
treated thousands of years ago, it is still not fully understood (Snook, 1991). 
Although large number of studies have been conducted to date in this area, it has 
been established that, research in LBP is inadequate and that much more work is 
needed (Stokes, 1997). 
Among the experimental studies are those by (Brown et aI., 1957; Markolf, 
1972, Nachemson, 1960, Farfan et al., 1970; Berkson, et al., 1979, Schultz et al., 
1979; and others) in which single or multi motion segments, with or without 
posterior elements and ligaments, were held in testing machines and various 
compressive, shear, torsion, and bending loads were applied to destruction or else. 
These experiments provided infonnation on disc defonnations or vertical 
displacements, radial bulges, intradiscal pressure increases, and other related disc 
responses. This information was and still is used as rcliable references for validating, .. 
results ofbiomechanical models. 
Other researchers have favoured an indirect method of measuring the 
behaviour of the motion segment. One such method used is the finite element 
technique. Finite element modelling techniques are more practical and have many 
advantages over the experimental and direct in vivo techniques, and as was discussed 
by Shirazi-Adl et al. (1986), the detennination of stress and strain throughout the 
motion segment are not possible by direct measurement. In the developing countries 
and in some developed countries obtaining reasonable numbers of fresh spines of 
dead persons to conduct experiments on is difficult if not impossible. Moreover, the 
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necessary data on the response of motion segments can be obtained with finite 
element techniques without having to put the lives of subjects taking part in the 
experiments at risk. Finite element methods of analyzing the biomechanics of a 
lumbar motion segment under various loads have been utilized since the early 1970's 
(Belytschko et.al., 1974; Kulak et.al., 1976; Hakim and King, 1979; Spilker, 1980; 
Spilker et al., 1984; Shirazi-Adl et al., 1984; Spilker et aI., 1986; Shirazi-Adl et aI., 
1986; Shirazi-Adl and Drouin, 1987; Shirazi-Adl, 1989; Rao and Dumas, 1991; 
Dietrich et al., 1992; Goel et al., 1995; Sharma et al., 1995 and many others). In these 
investigations, both 2-D axisymmetric models (Belytschko et.al., 1974; Kulak et.al., 
1976; Spilker, 1980; Spilker et al., 1984; Spilker et al., 1986) and 3-D models have 
been used (Hakim and King, 1979; Shirazi-Adl et al., 1986; Shirazi-Adl and Drouin, 
1987; Shirazi-Adl, 1989; Rao and Dumas, 1991; Dietrich et al., 1992; Goel et al., 
1995; Sharma et al., 1995). These techniques have been used to obtain material 
properties which match the experimental values, to identifY areas of high stresses and 
strains, to measure the behaviour of motion segments under different loading modes 
and to measure the role of various elements of motion segments and their 
contribution to the carrying ofloads. 
The area of high strains and stresses in vertebral bodies are located in the 
anterior part of the body, the junctions of the pedicles and the vertebral body and the 
junction of the lamina and the inferior facet (Hakim and King, 1979). Under 
compressive loading the posterior elements oLmotionsegments play little role .in, 
carrying the load, (Shirazi-Adl et aI., 1984 and 1986). The majority of the load is 
taken up by the anterior part of the segment, and henceforth, on that basis these 
posterior elements are excluded from the present investigation. 
A simple circularly shaped 3-D model of L5-S 1 vertebral bodies and their 
intervertebral disc was developed and used by Rao and Dumas (1991). In this model 
only the anterior part of the motion segment was represented for sensitivity analysis 
of the material properties of various elements of the model. It was found that both the 
Poisson's Ratio and the Young's Modulus of elasticity of the ground substance of the 
annulus affected the disc response under compressive loading. Disc herniation was 
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investigated by Dietrich et al. (1992) who also developed and used a 3-D model of the 
anterior part of the motion segment. 
The agreement of the results of these finite element studies with the 
experimentally published ones has encouraged others to carry out more studies in 
more detail. The practicality and usefulness of the finite element modelling of 
mechanical and biomechanical structures is not disputed. Both purposely developed 
(Shirazi-Adl et al., 1986) and commercial programmes (Rao and Dumas, 1991) have 
been previously used for the development and analysis of models. 
3.2 Description of a single motion segment 
The spinal single motion segment (SMS) or the functional spinal unit (FSU), 
as it is usually referred to, consists of a superior vertebra, the inferior vertebra, and 
the intervening soft tissues plus two endplates (figure 3.1). The motion segment is 
divided into two portions, the anterior portion and the posterior portion. Two 
superimposed vertebral bodies, the intervertebral disc, and the longitudinal ligament 
make up the anterior part of the motion segment. The vertebral arches, the 
intervertebral joints formed by the facets, the transverse and the spinous processes, 
plus various ligaments make up the posterior part. The arches and the vertebral 
bodies form the vertebral canal which protects the spinal cord. 
.. ., 
The intervertebral disc is subjected to various loading systems even under 
normal daily activities. The types of loading may be compression, bending, and 
torsion or a combination of these. Compressive and tensile stresses are produced 
when the spine is flexed, or extended, whereas rotation or twisting produces shear 
stresses. The intervertebral disc has been shown to be pressurized even in the 
unloaded state. The disc pressure in the unloaded state is reported by Nachemson 
(1960) to be around 100 Kpa (the longitudinal ligaments and the ligamenta flava 
forces produce this pressure). 
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Ccncet!ous Bone --~ 
CorJcol shell 
(b) 
Vertebral· Body 
(Superior) 
Endplote -----
INTERVERTEBRAL 
DISC 
Vertebral Body 
(InferIor) . 
(c) 
Figure 3.1 A single motion segment. a) an artist's drawing. b) a 3-D schematic 
representation. c) perspective view of the elements of a motion segment. 
In b, and c, the posterior elements are excluded. 
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The nucleus pulposus acts hydrostatically and this allows the pressure to be 
distributed uniformly throughout the disc when the spine is loaded. Hence, the entire 
disc serves a hydrostatic function in the motion segment, acting as a cushion between 
the vertebral bodies to store energy and distribute loads. When the disc is loaded in 
compression, its pressure is about 1.5 times the externally applied load per unit area 
(Nachemson, (960). Because the nucleus material is only slightly compressible, a 
compressive load makes the disc bulge laterally and circumferential tensile stress is 
sustained by the annular fibres. When a compressive load is applied the annulus 
fibrosus is stressed more in the posterior part (4-5 times the applied compressive load) 
than the anterior part. These tensile stresses in the annulus fibrosus of the thoracic 
discs are less than those of the lumbar discs, due to the differences in disc geometry. 
Kulak et al. (1976) observed a reduction in the circumferential stress in the discs of 
the thoracic spine because of their higher diameter to height ratio. 
The elasticity of the disc and its ability to store and distribute loads decreases 
as the disc degenerates (reduction of fluid content). This makes the disc less capable 
of resisting loads. Nachemson et al. (1979) have demonstrated that the loading 
response of the discs is not affected significantly by age, gender or disc level. 
The posterior portion guides the movement of the motion segment. The 
orientation of the facets of the intervertebral joints to the frontal and transverse 
planes determines the type of movemeu~ at ',df;OUS levels of the spin~ -The: fl\~ts of 
the C I and C2 cervical spine are parallel to the transverse plane, the remaining facets 
(C3-C7) of the cervical intervertebral joints are inclined at a 45-degree angle to the 
transverse plane, but parallel to the frontal plane. This orientation of joints of the C3-
C7 facilitates flexion, extension, lateral flexion, and rotation. In the thoracic region 
the facets are inclined at 60-degrees to the transverse plane and 20-degrees to the 
frontal plane. This orientation makes possible the lateral flexion, rotation, and some 
flexion and extension. The facets of the lumbar region are at right angles to the 
transverse plane and oriented at a 45-degree angle to the frontal plane, this allows 
flexion, extension, and lateral flexion, but almost no rotation, except in the 
lumbosacral joints. These values are only approximations. 
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3.3 The aim of the model 
During the course of the current investigation some difficulties in obtaining 
linear dimensions and material properties of vertebral motion segments were 
encountered. There was as it seemed to the author some discrepancies in the 
available data, which led to a need to compile all the published data and present them 
in an easy to read easy to locate form for use by people concerned. The data 
compiled were described in chapter two. The purpose behind the development of the 
current finite element model of a single motion segment is therefore two fold. Firstly, 
to construct a more realistic kidney shaped 3-D model of the LS/S I motion segment 
using the recommended set of average values given in chapter two. Secondly, to 
examine the validity of the data compiled by comparing the output of the model with 
the published results. This was accomplished by investigating the mechanical 
response of the LS/S 1 motion segment of a human spine, under compressive loading 
conditions. For the construction of the model a commercial finite element 
programme called Images 3-D was used and the geometry of the motion segment 
was also developed using the same programme. 
3.4 Description ofthe model 
The model presented in this study represents the anterior portion of the 
motion segment. Its geometric -p,J(>!.meier~ represent the parameten;,'of ~m LS/S 1 
motion segment. The 3-D kidney shaped finite element model constructed based on 
the anthropometric data previously compiled is shown in figure 3.2. The x-y 
coordinates of the nodal points on the surface ofLS vertebra (figure 3.2B) are given 
in table A3. 0 in Appendix A. Its shape is more realistic compared to a circular one. It 
is symmetrical within both the sagittal and the mid-transverse planes. It is assumed 
that more than 90 % of the axial compressive load is carried by the anterior part of the 
motion segment (Dietrich et al., 1992; Shirazi-Adl, 1989) and hence the ligaments and 
the posterior elements are excluded in the model for simplicity. The materials of the 
various elements of the vertebral body, and the disc are assumed for simplicity to be 
homogeneous and linearly isotropic (Yoganandan et al., 1997; Spilker, 1980) with 
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Figure 3.2 Kidney Shaped Model, A) 3 - D Finite Element Model, B) Superior 
Anterior View, C) Posterior Anterior View, D) Defonned Shape. 
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material properties given in table 3.1. The nucleus pulposus is assumed to be behaving 
more like a solid (Litridis et al., 1996). 
The geometric parameters used for the development of the model were as follows: 
• Vertebral body height: L5 = 8 mm (truncated*) 
SI = 4 mm (truncated*); 
• Cortical shell thickness = 0.8 mm; 
• Endplate thickness (superior & inferior) = 0.5 mm each; 
• Intervertebral disc heights = 11 mm & 14 mm; 
• Disc frontal diameter = 51.1 0 mm; 
• Disc sagittal diameter = 33.50 mm; 
• Disc cross-sectional area = 1288 mm2; 
• Nucleus frontal Diameter = 15 mm; 
• Nucleus sagittal diameter = 11 mm; 
• Nucleus cross-sectional area = 518.4 mm2; 
• NucleuslDisc area ratio = 40.2 %; 
* a partial model of the vertebrae is used to reduce computational load. 
The three-dimensional kidney shaped finite element model consists of a total 
of 968 nodes and 840 elements. The canal section shape has been derived from 
Panjabi (1992) with the remaining dimensions taken from the compiled data of 
chapter 2. 
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Table 3.1 Material properties used in the model. 
Young's Poisson's Density Shear 
Modulus Ratio Modulus 
Material E v P G=E/2(I+v) 
(MPa) (kg/m3) (MPa) 
Cortical Shell 12000 0.30 418 4615 
Cancellous Bone 100 0.20 418 41.70 
Endplates 24 0.40 1060 8.60 
Annulus 4.20 0.45 1060 1.40 
Nucleus 0.20 0.49 1000 0.07 
Table 3.2 Elements of the finite element model. 
Material Element Type Number of 
Elements 
Cortical Shell 3-D eight-noded Solid 72 
Cancellous Bone 3-D eight-noded Solid 216 
3-D six-noded Wedge 72 
Endplates 3-D eight-noded Solid 192 
- •.. I 3-D six-noded Wedge ~~ . 48 
Annulus 3-D eight-noded Solid 144 
Nucleus 3-D eight-noded Solid 48 
3-D six-noded Wedge 48 
Total 840 
The vertebrae were modelled as a hard cortical shell surrounding a soft 
cancellous bone using eight-noded and six-noded elements. The thickness of the 
shell was taken as 0,8 mm. To save computational time and space, and since 
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Table 3.3 Model details. 
Young's Modulus Poisson's Ratio Disc 
E v Height 
Model of Annulus of Annulus 
Ground Substance Ground Substance 
(MPa) <mm) 
ANHK1E4.2HII 4.2 0.45 11 
ANHK2E4.2HI4 4.2 0.45 14 
ANHK2E9.5HI4 9.5 0.45 14 
compared to the disc the vertebral body is much more rigid, only part of the upper 
and lower vertebral body have been modelled. The superior and the inferior 
endplates were also modelled as eight and six-noded elements consisting of a single 
layer each with a thickness of 0.5 mm. The nucleus pulposus was modelled using 
eight and six-noded elements and comprising a double layer, having a cross-sectional 
area around 40 % of the total cross-sectional area of the disc. The annulus fibrosus 
was modelled as a ground substance with eight-noded elements using two concentric 
layers around the central nucleus pulposus. The type and number of elements are 
shown in table 3.2. 
3.5 Loading and boundary e9nditions 
Before any loading was applied it was made sure that the nodes of the inferior 
surface of S I vertebra were restrained from moving in all directions. Load was 
applied at the enforced vertical displacement of the superior surface of the L5 
vertebra. A total displacement of 1.5 mm was applied in eight steps: 0.1 mm, 0.2 
mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.8 mm, 1.2 mm, and 1.5 mm. Thus the behaviour of 
the motion segment was studied only under compressive displacements. 
Convergence of the solution at each load step was ensured before carrying out the 
next step in the analysis. 
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3.6 Results and discussion 
The force deflection curves obtained from the present models are shown in 
figure 3.3. Also the experimental and finite element curves of a number of 
investigators are shown for comparison. The model force deflection response was 
generally in good agreement and well within the experimental results of Hirsh and 
Nachemson (1954), Brown et al. (1957), Markolf(1972), and Shah et al. (1978), and 
finite element results of Rao and Dumas (1991) and Kulak et al. (1976). The 
compressive force due to enforced displacement of the top surface of L5 vertebra 
was calculated from reactions at SI vertebra. Two different values for the Young's 
Modulus (4.2 MPa and 9.5 MPa) of the annulus and disc heights (11 mm and 14 
mm) were used, all other parameters were unaltered. A modulus of elasticity of 4.2 
MPa corresponds to the modulus of elasticity of the ground substance of the annulus, 
while the 9.5 MPa value corresponds to the Young's Modulus perpendicular to the 
fibres of the annulus. Increasing the disc height, resulted in a decrease in its stitfuess 
by up to 26%. Whereas, increasing the Young's Modulus of the annulus from 4.2 
MPa to 9.5 MPa increased the disc stitfuess by up to 47%. This result is comparable 
with that of Rao and Dumas (1991) who observed that stitfuess of the disc was 
altered and in fact increased with increases in the Young's Modulus of the ground 
substance of the annulus . 
. For a. Imm vertical displacement the present kidney shaped model _. 
ANHKIE4.2 HII experienced a reaction force of 573.1 N, with the second model, 
ANHK2E4.2HI4 the reaction force recorded was 418.5 N and for the third model 
ANHK2E9.5HI4 the reaction force to a 1 mm displacement was 794 N (table 3.3 
shows the experimental design). These forces, created lateral bulges of the disc of 
approximately 0.7 mm, 0.65 mm, and 0.56 mm for the three above mentioned 
models respectively. With all the three models the results indicated that, the anterior 
lower part of the LS vertebral body immediately above the superior surface of the 
endplate was under the highest state of stress. The levels of stress in the cancellous 
bone region and the disc and in particular in the nucleus was low. Wu and Chen 
(1996) reported a high level of stress in the anterior midpoint of the vertebral body, 
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and very low levels of stresses in the spongy core and disc nucleus. This finding 
supports the current study findings and agrees with the experimental finding that 
degeneration of the vertebral body which leads to its fracture usually takes place or 
starts at the tip of the vertebral body anterior region immediately above the endplates 
(Hakim and King, 1979). 
Figures 3.4 shows the results obtained for force related to nucleus pressure 
(assuming that the pre-load intradiscal pressure is zero). For comparisons and 
validations of the results, the experimental and finite element results of 
ForcelNuclear Pressure of Ranu et al. (1979), Nachemson (1960), and Rao and 
Dumas (1991) are also shown. The intradiscal pressure for the disc has been 
calculated based on the internal pressure/applied pressure ratio of 1.5, (Nachemson, 
1960, measured this pressure in vivo and reported a range of between 1.3-1.5). The 
results for the intradiscal pressure compare well with the results in the literature 
(appropriately scaled) and indicate a reasonable agreement particularly with 
Nachemson's maximums. 
Despite the fact that the model only represented the anterior part of a motion 
segment and despite the use of a linear analysis formulation, the model output agreed 
well with the experimental and finite element results in the literature. This gave 
confidence in the results and this provided encouragement to take the investigation 
one step- further. and introduce non-linearity and non-isotropy in the analysis 
formulations. Having said that, for the current purpose of the current study, which 
was to confirm the usefulness and the validity of the data compiled in the previous 
study, the results obtained are satisfying overall. 
3.7 Conclusions 
The main purpose behind the development of the finite element model was to 
validate the motion segment data that was extracted from a number of sources and 
compiled. The single motion segment model output results agreed well with the 
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results of similar published 3-D finite element models. Based on these results it was 
expected that other motion segments of the spine produce similar results. The 
findings provided confidence in the data and allowed to use such data in the 
development of the model of the entire (excluding cervical spine) spine as part of 
whole body model. The physical 2-D model is described in chapter 5 of this text. The 
dimensions of the vertebrae and discs that was used in the development of the spine, 
allowed the accurate representation of the kyphosis and lordosis curvatures. The 
same data were used in the calculations of the lengths or heights, cross sections, 
volumes, masses and second moment of inertia of the various segments of the 
thoraco-Iumbar spine. The compiled dimensions also made it possible to locate the 
two dimensional coordinates of central points of the vertebrae and their intervening 
discs. These coordinates were required for the accurate construction of the vertebral 
column. The latter data were also required for the inclusion in the data file of the 
flexible part of the vertebral column that was preprocessed and then post processed 
with the data file of the rigid parts of the human body. 
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Chapter Four 
4.0 A Spatial Computer-Based Formulation of the Whole Human Body with a 
Flexible Vertebral Column 
4.1 Introduction 
The human body is an extremely complex physical and biological system. 
When looked upon as a mechanical system, it contains a large number of linear and 
nonlinear sub-systems whose properties may vary greatly from one individual to 
another. Through the last three decades, the structure, flexibility, and fidelity of 
human models have increased dramatically. During this time however, the human 
models themselves tended to be rather simplified versions of real humans that 
appeared to be impersonating robots with stiff backs while bending only from the 
waist. The extensive study carried out in chapter I of the thesis has clearly shown 
that most biomechanical models have treated the human body as a system of 
interconnected rigid links that are connected by joints with certain kinematic 
properties and some spring and damper characteristics. 
The human back is the main supportive device in the human body. It must 
provide the support of the body weight, the stability of the torso and the flexibility of 
. motiml. It protects the vital structures within the abdomen and pelvis and provides 
safe passage for the nerves downward from the spinal cord to the legs. The back is 
expected to do all that without pain, over a life time full of activities. As described in 
section 1.1, the spine is a collection of vertebrae connected by ligaments, small 
muscles, vertebral joints (called processes), and intervertebral discs. The spine moves 
as a series of vertebrae connected by dependent joints meaning that it is impossible 
to isolate the movement of one vertebral joint from the surrounding vertebrae. 
Muscle groups of the head, neck, abdomen and back initiate the movement of the 
spine, while the interconnecting ligaments allow the movement of neighboring 
vertebrae. The human back, especially the lower part and in particular the lumbar 
region is prone to pain more than any other part of the human back. This is due to the 
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fact that the lumbar spine is distinguished by its sagittal curvature (or lumbar 
lordosis) besides the fact that its vertebrae are made of massive bony structures with 
very irregular geometry and relatively large stiffuess. The loads from the superior 
vertebrae are transferred to the inferior ones by means of intervertebral discs, facet 
joints, and ligaments. The overall motion of the spine is provided by the flexibility of 
its comprising tissues. 
Low back pain ( LBP) which is mostly localized at the lumbar region and 
more specifically at the lumbo-sacral joint is an expensive health care problem, since it 
is accompanied by work loss and in some cases by disability. Reports on the 
performance and the production rates in tasks involving manual material handling 
(MMH) pointed out that large expenses are incurred due to health care and back 
injury treatments. For these reasons and for the welfare of employees working in 
industries, the rules and regulations regarding MMH have been introduced (NIOSH 
1981, 1994), and the research in this area has been encouraged by health and safety 
organizations. In this regard, the National Institute for Occupational Safety and 
Health (NIOSH) developed a lifting guide. Two limits of spinal compression namely 
the action and the maximum permissible limits were recommended by NIOSH. The 
action limit, which corresponds to a compression force on the lumbosacral disc was 
set at be 3400 N, while the maximum permissible limit was set to 6400 N. Exceeding 
the above mentioned maximum permissible limit is considered hazardous and leads to 
"[::", 
bl'!Ck injuries. 
Because of the complexity of the spme structure and the difficulty of 
conducting in vivo experiments on humans, several static as well as dynamic 
biomechanical models have been developed. This was basically done to represent the 
behavior of the spine and the associated structures such as ligaments, discs and facet 
joints incorporating the in vitro experimental properties. In almost all models 
developed, all human links including the extremely sensitive and flexible human 
back were assumed to be rigid. Such an assumption, however, can not fairly 
represent the complex structure and function of the human back. 
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Another problem that frequently exists is the lack of accurate in vivo 
infonnation about stress limits of soft and hard human tissues. Most available data 
are based on cadaver studies or laboratory specimens. Data derived from such 
specimens may not duplicate exact stress behavior of these tissues in a living human. 
The anatomical structure, the chemical make up, and the effects of stresses and 
movements are not all the same for different people. They all change everyday 
throughout a person's life time and even undergo cyclic changes within the same day 
and for the same individual. While one must admit that not much can be done in this 
regard, one should still exercise a great amount of judgement in the interpretation of 
model output data. In chapter 2 of this thesis, a set of reliable data was collected and 
compiled in easy to read tables and graphs. These data are used for the first time in 
the development of a finite element model (see chapter 3), and in the construction of 
the thoraco-Iumbar vertebral column of the new human lifting model developed in 
this thesis and presented in chapter 5 of this thesis. 
Thus far, the biomechanical models employed in the studies of forces and 
moments on the various human joints take different forms and complexities. They 
can be as simple as two-dimensional segmented linked coplanar static models 
(Chaffin, 1969; Garg and Chaffin, 1975; McGiIl and Nonnan, 1985) or can be more 
complex three-dimensional multi-segmented linked models (Jager and Luttmann, 
1992). The analyses of such models are carried out using numerical or finite element 
(FE) techniques or both. Most of the FE models available in the literature concentrate 
on the analysis of single or multiple motion segments. Few models, however, 
considered the whole lumbar spine or the whole spine. In the previous chapter, an 
intensive review of numerous FE modeling techniques applied to various single 
spinal motion segments were carried out. This review has shown that analyses based 
solely on studying single motion segments are inadequate. Shirazi-Adl (1994 a,b) 
pointed out that the use of single spinal motion segment can not be expected to 
describe the mechanics of the whole lumbar spine due to inherent inter-segmental 
couplings. Kong et al. (1998) added that many important issues can hardly be 
addressed using segmental models which mandates the use of models involving the 
entire lumbar spine. Examples of these issues are spinal stability, global effects of 
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degeneration, surgery and instrumentation. Other thoraco-Iumbar (Gilberston et al., 
1994 and Goel et aI., 1995 ) and thoraco-Iumbo-sacral (Kong et al., 1998) spinal FE 
models have also been developed to enhance the understanding of the human back 
problem. The FE models of the lumbar spine and thorax were rigidly connected to 
form models of the entire ligamentous thoraco-Iumbar spine and rib cage. Muscle 
forces predicted from the optimization model were applied to the FE model of the 
thoraco-Iumbar spine and rib cage as nodal forces. Since muscles in the region of the 
thorax were not directly included in the finite element model, their effects were taken 
into account by increasing the stiffuess values of the thoracic motion segments and 
articulating joints. 
One major shortcoming in most previous analyses was that single motion 
segments or portions of the spine were studied in isolation from the whole body. This 
means that no real coordination between the back and the remaining parts of the 
body segments was considered. In the few available studies in which the whole 
human body system was considered, all the human links including the spine were 
assumed to be rigid. While such an assumption could be accepted for some of the 
hard body bones, it is certainly not acceptable for the the spine which is mainly 
responsible for the flexion, extension, lateral flexion and rotation of the spinal 
column (see figure 4.1). 
Based on the preceding discussion, it appears that none of the studies 
conducted thus far has treated the spine as an integral flexible part of the human body 
system. This calls for an improvement in the human body modeling techniques in 
order to provide a more realistic model of the body in which at least the lumbar spine 
could be treated as flexible. 
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C) Lateral flexion. D) Rotation. 
Figure 4.1. Principal motions of the Spinal Column (Wells, 1966). 
4.2 Lagrangian description of motion 
·Generally speaking, a typical human body system consists of two sets of 
interconnected sub-systems or components. One set consists of bulky components 
which could be modeled as rigid, while the other set can easily deform and has, , 
therefore, to be treated as flexible. These flexible components in the body are 
normally subject to gross rotations and can be modeled using a modified dynamic 
finite element formulation (Bakr and Shabana, 1987 a,b). The dynamics of the finite 
element that undergoes large translational and rotational displacements can be 
described using an Eulerian or Lagrangian approach (Fung, 1994 and Dym and 
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Shames, 1973). In the Eulerian approach, reference coordinates called convected 
coordinate systems are. used. In these reference frames, the coordinates of a point on 
the structure does not change. However, in the Lagrangian approach which is 
sometimes referred to as stationary Lagrangian or total Lagrangian, a global frame of 
reference that is fixed in time and space is selected. The system configuration is 
defined in this frame of reference which remains stationary regardless of any 
possible large translational and rotational displacements. Physical quantities such as 
displacements, velocities and accelerations, as well as differentiations and integrations 
are also defined with respect to this frame of reference. 
The use of the Lagrangian approach is convenient in studying the dynamics 
of the human body system due to the fact that the stationary frame can form a unique 
standard for the entire assembly of sub-bodies or components in the human body 
system. Therefore, it can be used to express the connectivity between the sub-bodies 
in the system. In fact, in actual implementations, the Eulerian approach takes a form 
which is usually called the updated Lagrangian approach (Cook, 1981), wherein a 
local coordinate system, called a corotational system, is rigidly attached to the finite 
element. The local coordinate system which translates and rotates with the element is 
used as a reference in which the current state is defined. The dynamic equations can 
be defined in the local system in order to obtain a simpler formulation. The solution 
of these equations can then be used to update the local coordinates and produce a 
new reference state. In the present work, a total Lagrangian finite element 
formulation for the nonlinear dynamic analysis of a human body system that consist 
of rigid and elastic components that undergo large translational and rotational 
coordinates is presented. 
As it was pointed out earlier, one should be quite cautious when dealing with 
human body system models with flexible links. This is mainly because of the 
complexity involved in accurately deriving the equations of motion of the whole 
human body system. Complexity in this context is due to two main factors: 
85 
1- The tremendous increase in problem dimensionality due to the complexity of 
the human body system which consists of thousands of highly sophisticated 
elastic components whose properties could vastly vary from one person to 
another and which could even differ for the very same individual during 
different times of a typical day. Therefore, many thousands of degrees of 
freedom may be required when all flexible components in such a complex 
system are taken into consideration. Such a problem, however, can be solved 
by utilizing the component mode synthesis technique of structural dynamics 
(Agrawal and Shabana, 1986) to reduce the number of degrees of freedom. 
2- The difficulty of defining a set of generalized coordinates associated with 
gross sub-body rotational degrees of freedom. In the past, Euler angles have 
generally been employed to represent the generalized coordinates of 
mechanisms and mechanical components (Nikravesh and Chung, 1982). 
However, Euler angles are known to cause singularity problems at certain 
orientations. It is not unexpected, therefore, that the problem could get even 
more complicated when dealing with the human body system which 
represents the most mobile system ever known. Euler parameters have been 
employed as an alternative to Euler angles in developing general purpose 
programs for three dimensional analysis of rigid bodies (Nikravesh, 1988). In 
contrast to Euler angles, there are no singularities associated with Euler 
parameters. For this reason, Euler parameters are employed in the present 
formulation. 
The nature of the problems previously described suggests that probably the 
most suitable approach to three dimensional analysis of human body system with 
coupled gross motion and elastic deformation could be found in the general multi-
body system dynamics approach which was successfully applied to mechanisms 
(Bakr and Shabana, 1986 and Shabana, 1985), aerospace applications (Bakr and 
Shabana, 1987 a,b), robot arms (Bakr, 1996), vehicles (Agrawal and Shabana, 1986), 
legged locomotion systems (Bakr and Shabana, 1988) and systems subjected to 
impact loading (Bakr and Shabana, 1987). A dynamic biomechanical model for the 
study of human body systems consisting of interconnected rigid and elastic links 
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each of which can undergo large gross body rotations was presented by Bakr (1993). 
This model, however, was solely based on a 2D formulation and no intemal material 
damping was considered in the formulation. Moreover, no results were demonstrated 
to verify the power of the formulation. It is evident, however, that the human body 
system contains several components whose intemal material damping plays a crucial 
role in the overall behavior of the human system. Therefore, an accurate 
mathematical model for the human body system with flexible components must 
account for the material damping effect. The objective of the present investigation, 
therefore, is to extend on the analysis of Bakr (1993) to develop a 3D computer-
based formulation for the dynamic analysis and simulation of the human body 
system consisting of rigid, elastic and visco-elastic components. In this formulation, 
focus is placed on the importance of considering the flexibility and internal material 
damping of the human back as an integral part of the whole body system. This is 
done here by treating all the human body links as rigid, while the entire lumbar spine 
region is considered as elastic. Moreover, a linear visco-elastic Kelvin-Viogt model 
is employed whereby the stress is assumed to be proportional to the time rate of 
strain. Flexibility of the lumbar spine is introduced in the present formulation using a 
set of finite short and stubby Timoshenko beam elements that account for both 
geometric and inertia nonIinearities (Bakr, 1996). Therefore, the system mass and 
stiifuess matrices have to be iteratively updated during the dynamic analysis. The 
connective tissues of the various links are represented using springs and dampers 
whose coefficients are taken or estimated from ,prllvious experimental investigations 
provided in the literature. Mechanical joints of the body are formulated using a set of 
nonlinear algebraic constraint equations that are adjoined to the system differential 
equations of motion using a vector of Lagrange mUltipliers. Inertia and geometric 
elastic nonlinearities are considered in this formulation resulting in a set of highly 
nonlinear system mass and stiffness matrices that have to be iteratively updated 
during the dynamic simulation. The formulation presented in this thesis allows the 
study of the human body as a whole as it equally allows the study of a particular 
segment such as the arm, leg, head, etc. This is all done simultaneously in the frame 
work of the entire human body system. Perhaps, it is quite important to emphasize at 
this stage that the model developed in this thesis is absolutely different from all other 
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spatial dynamic biomechanical models in that it accounts for the nonlinear inertia 
coupling between the rigid body motion and elastic deformation of the human body 
systems. This means that the elastic deformations of the various discs and vertebrae 
and the gross rigid body motion of the back as well as all remaining links are solved 
simultaneously. In the remaining sections of this chapter, the complete three-
dimensional formulation adopted in this thesis is presented. In chapter 5 two human 
lifting and pushing models are developed based on the reliable data demonstrated on 
chapter 2 and chapter 5 of this thesis and are then solved numerically to exemplifY 
the power of the computer-based spatial formulation adopted in this thesis and to 
demonstrate the influence of including the flexibility of the back on the overall 
dynamic response of the human body. Numerical experimentations has shown a 
reasonable agreement with results provided in the literature. It also provided a set of 
new results such as the intradiscal deformations, stresses and strains. 
In the following deVelopment, the generalized coordinates of the lumbar 
spine is presented. Each lumbar vertebral body or disc is assumed to be composed of 
a short straight Timoshenko beam. Nodal coordinates and shape functions are first 
defined to locate arbitrary points in a flexible element of a given lumbar disc or 
vertebra. Kinetic and strain energies and virtual work are derived in terms of the 
generalized coordinates of each element. Energy expressions for each vertebral body 
are then obtained by summing the energy of all elements. Lagrange's equations are 
then used to derive the equations of motion ofea~h booy. Constraintsbetwee!l b0Jb 
are adjoined to the equations of motion using Lagrange multipliers. 
4.3 Generalized elastic coordinates 
Figure 4.2 shows a typical finite element j on the lumbar vertebral body i. The 
location of the coordinate system of this body i with respect to the inertial frame is 
defined by translational generalized coordinates RI = [Xl y' Zi f , while the orientation 
is defined using four Euler parameters 0; (k = 0, I, 2, 3). A summary of Euler 
parameters is provided in Appendix A. 
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Figure 4.2. Generalized Coordinate Systems ofa Flexible Vertebral Body i. 
The configuration of the finite e1ement.,j on the.,yertebral body ican be identified 
using four sets of coordinate systems (Bakr and Shabana, 1987). These four 
coordinate systems are: 
1. A global coordinate system XYZ that is fixed in time and space and forms a 
unique standard for the entire assembly of sub-bodies and as such serves to 
express the connectivity between all sub-bodies in the human body system. 
Connections between all different sub-bodies are formulated by using a set of 
nonlinear algebraic constraint equations that depend on the system generalized 
coordinates and possibly on time. These constraint equations describe the 
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mechanical joints in the human body system such as spherical, revolute, rigid and 
prismatic joints as well as any other specified trajectories. 
2. A body coordinate system x' y' Zi which undergoes large translational and 
rotational displacements with respect to the global coordinate system XYZ. 
Connectivity between different elements on the deformable body i can be 
formulated in the x' y' Zl coordinate system using a constant Boolean matrix. The 
body reference need not be rigidly attached to the body. Moving frames of 
reference are commonly employed to describe the motion of flexible bodies that 
undergo large reference rotations. The location of the origin of the body reference 
can be defined by using a set of Cartesian coordinates, while its orientation can 
be defined by using Euler parameters (Nikravesh, 1988). 
3. An element coordinate system xif y"zif whose origin IS rigidly attached to 
element j of the flexible sub-body i and accordingly translates and rotates with 
the element. 
4. An intermediate element coordinate system xif yif 'jif whose ongm IS rigidly 
attached to the origin of the body coordinate system Xi y' Zi and is initially 
oriented to be parallel to the element coordinate system xif yif zif . 
.. ...... i" 
Let ii" = [ii,; ii; ii; 1 locate an arbitrary point p" on element ij relative to 
the Xif yif Zij axis where iiif iiij and iiii are the j(if yij and Zij components 
, x' y' z. ". _ ' 
respectively. The vector iiif can be written in terms of element nodal coordinates as 
(I) 
where 4>lf is the shape function of the ijth element (see figure 4.3), and elf is nodal 
coordinates of the ijth element defined with respect to the xij y. 'jlf coordinate system. 
elf can be transformed to the x' y' Zl coordinate system to yield elf as follows: 
(2) 
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Where C ij is the transformation matrix from the ith body coordinate system 
x' y' Zl to the element x" ji" z" coordinate system. Equations 1 and 2 can now be 
written as 
(3) 
The vector uij can be expressed with respect to the body coordinate system Xl y' Z I as 
(4) 
where Cij is the transformation matrix from the element x" y" z" coordinate system to 
the ith body coordinate system x' y' Zl . 
-u e, 
Figure 4.3 Three-Dimensional ijth Vertebral Element. 
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Let Ri be the position vector of the origin of the component axes, and ei is the 
vector of rotational coordinates that define the orientation of the component axes 
with respect to the inertial frame. The global position of point pij is given by 
(5) 
where eg is the undeformed position of point pij measured relative to the local 
coordinate system, and Cij and C ij are transformation matrices from xij y" zO' to 
x' / Zl and from x'i Zl to xij yij zij , respectively and are given in Appendix B. A' is 
the transformation matrix from the local component coordinate system to the global 
inertial frame. In order to avoid singularities associated with Euler angles, Euler 
parameters are employed in the present analysis. In this case, the vector Bi of Euler 
parameters associated with body i can be written as 
(6) 
where superscript T denotes the transpose of the vector. The above four Euler 
Parameters B:, = 0, 1, 2, 3 must satisfy the following identity: 
(7) 
The transformation matrix A i from the local Xi / Zi to the global XYZ coordinates in 
terms ofEuler parameters is given by 
2(B,B2 - BoB,) 
2(B;+B;H 
2(B2B, + Bof)2) 
It can be shown that if a is a vector given by 
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(8) 
(9) 
then 
. ., (Aa)1J' =-2E'a+aO' (10) 
where 
and a is a skew-symmetric matrix given by 
0 ax ay a, 
-ax 0 -a, ay 
a= (11) 
-ay a, 0 
-ax 
-a, -ay ax 0 
and a vector subscript denotes differentiation with respect to this vector i.e, 
(Aa)1J' =o(A%OI . Utilizing Eqllatipn (10) and since fJl'iJf =0 fTom Equation (7); " 
the following identity can be written 
(12) 
Here (-) represents the differentiation with respect to time. It can be noticed that E' 
is a 3 x 4 matrix which is linear in Euler parameters. This property of Euler 
parameters has the advantage that it allows one to isolate the velocity terms in the 
global velocity vector. 
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Assuming that the nodal rotations are small, and the variations ID the 
transformation matrices Cij and C ij are negligible, these two matrices can be 
assumed to be constant. Defining 
(13) 
Equation (5) reduces to 
(14) 
where Nij (XY ,yij, ZY) is the modified shape function. 
4.4 Kinetic and strain energy expressions 
Differentiating Equation (14) with respect to time gives 
(15) 
The second term on the right-hand side of Equation (15) can be written as 
3 
Ai Nii e ij = L A~k N li e ij e! 
,t:;:::o (16) 
= BYe' 
where 0' = [O~ 0: o~ o~r and the matrix A~. is the partial derivative of the 
transformation matrix A' with respect to the Euler parameter 0;. These matrices are 
given in Appendix A Substituting Equation 16 into 15, the velocity vector of point 
pu can be written as 
(17) 
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where, the matrix BY can be written as 
3 
BY = LA~. Nif e if = [A~. Ne 
k=O 
(I 8) 
where the superscript ij on a major bracket indicates that all variables or sub-matrices 
are superscripted ij, unless otherwise indicated. The second term of Equation 17 can 
be written as 
BY (j' =_ 2E' aif 8i (19) 
in which 
(20) 
In Eqs. (14) and (IS), [Rr, B'''], and [lV ,IV l' are vectors of generalized reference 
coordinates and generalized velocities, and e if and elf are vectors of generalized 
elastic coordinates and velocities, respectively. 
The velocity vector f% can be written in partitioned form as 
f% = [l Bij Ai NiJ] l~:) 
e'l 
(21) 
where I is a 3 x3 identity matrix 
The kinetic energy of a typical element ij is given by 
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(22) 
where vif is the element volume and qif = [R" Bi' eO" t . The mass matrix Mif of 
element ij is a I9xI9 symmetric matrix, given by 
B 
BTB 
N T Ai' B 
Ai N ]if 
BT Ai N dv if 
NTN 
With the matrix Bii given in Equation (18), one has 
r pif Bif dVif = [A' Se Ai Se Ai Se Ai Se]ij JVtf 80 8, SI DJ 
where 
and Cif, C if and S:i are given in Appendix B. Similarly, 
Let 
k,l = 1, 2, 3 
(23) 
(24) 
(25) 
To" T" 
(26) 
(27) 
where et are given in appendix B. In terms of the above notation, the mass matrix 
associated with Euler parameters can be written as: 
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Boo (symmetric) ij 
B" = f. p" Bij' Bij dV" = 4 BIO BII (28) 
v' B,o B21 B" 
B30 B3\ B" B33 
where 
3 
BI) = ~ hif wmn 
mn ~Jd Jd, m, n = 0, I, 2, 3 (29) 
1e,1=1 
where w;,n are given as the components of matrices wmn in Appendix A. 
Let 
k,1 = I, 2, 3 (30) 
where et are given in Appendix B. Using the above notation, inertia coupling 
between Euler parameters and elastic generalized coordinates is given by 
f. P ij Bij" Ai Nij dV" = IDT DT DT DT J1'-VII 0 I 2 3 . (31) .-
where 
3 
D! = L FJ z;', m = 0, 1,2,3 (32) 
le,l=1 
in which, 
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F,,] 
F23 
F33 
k,l=l,2,3 (33) 
and (34) 
where the matrices z ~ of Equation 32 are given as the components of matrices Z m in 
Appendix A. 
Using Equation 13, the constant mass matrix associated with elastic 
generalized coordinates is given by 
mj,. = Iv. pij NijT Nij dVij =C ij' f pij tPij'tjJij dVij C ij 
=C i/ miC;j 
where C ij' and m ~ are given in Appendix B. 
Total kinetic energy oflumbar region represented by body i is given by 
j=1 
1 _iT Mi .j 
=-q q 
2 
(35) 
(36) 
. ·r J ·r T 
where q' = [R' 8' q~] represents the vector of generalized coordinates of the 
body i, q~ is the vector of elastic coordinates of the same body, ni the total number 
of elements of body i, and Mi the composite mass matrix of lumbar region 
represented by body i. 
Similarly, strain energy can be written as 
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(37) 
where K'fr, the stiffness matrix of element ij defined with respect to the element 
axis, is given in Appendix B, while K'fr is the stiffness matrix of a lumbo-vertebral 
element ij defined with respect to the body coordinate system. 
Total strain energy of body i is obtained as 
n 
Vi = L V· 
j=1 
{ '}T [ 1 q; 0 ='2 q~ 0 o ]{q:} =.!. i' K' i Ki , 2 q q if qr 
(38) 
where K~ is the assembled stiffness matrix of body i. The subscripts r and f denote 
reference and flexible coordinates, respectively, and 
K - . i_[O 0] 
o K' if 
4.5 Virtual work expression 
(39) 
Let pif be the point of action of resultant forces Fij acting on a lumbo-
vertebral element j of the flexible body i. The virtual work done by these forces is 
given by 
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(40) 
where QV is the vector of generalized forces, given by 
(41) 
In order to factor out the reference coordinates, let 
F" = [F! F; F,"], and let A!. in Equation (18) be given as (see Appendix A) 
k ]i a~
a23 
• a33 
.. 1 . 
Then F'J A~. can be written as 
where 
and 
Fif = [~] 
F" 3 
(42) 
(43) 
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H] 
Fii 
y 
Fif , ~] 
OF!] o Fij 
y 
o Fij , 
··r .. 
Finally F" B" can be written as 
F ij'Bij = [Di Fif Nifeij] k 0 I 2 3 0, ,=", 
In a similar way Fijr Ai can be written as Di F'ij , where Dj is given by 
and a!, are the elements of the transformation matrix Ai in Equation (8). 
(44) 
(45) 
The generalized force vector associated with element ij can now be written as 
k = 0, I, 2, 3 (46) 
The generalized forces on elements of body i can be expressed as 
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[ 
n' 
Q" = L Fij' 
j=1 
n' 
D' " Fij Nij eij 9, L.,., 
j=1 
= [F" D' Q' D'Q'] (J~l· 2' 
(47) 
k = 0, I, 2, 3 
where F', Q/, and Q; are the assembled matrices of element Fij, pij Nij eij, and 
pij Nij submatrices, respectively. 
4.6 Generalized forces of the human suspension system 
The intervertebral disc of the human spine is the pnmary load-canying 
structure between the vertebrae, performing a leading role in the mechanics of the 
vertebral column. It is an essential element in sustaining the body weight and in 
pennitting mobility of the spine. As can be seen in figure 4.4, the interverebral disc 
of the human back does actually serve as a mechanical shock absorber of the back 
against excessive and hazardous loading conditions. Therefore, it has been 
represented in various studies as a spring-damper element. The action of the muscles 
holding the various parts of the human body were also represented in the literature as 
well as in the current study as a set of spring-damper elements. Therefore, the 
calculations of the suspension forces due to springs and dampers are presented in this 
section. The calculation of these forces is required in order to evaluate the generalized 
forces acting on the human body system. The force model developed in this section 
accounts for large rotations of the human linkslandJalS{) for the elastic dcli·.'nna:'oil a: 
the attachment points. 
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Figure 4.4 A Single Motion Segment Illustrating the Role of the Intervertebral Disc. 
Figure 4.5 shows a spring and. damper element between two albltrary 
vertebral components of the elastic lumbar spine. The attachment points are point 
pi on the lumbar vertebral body i and point pj on on the lumbar vertebral body j. 
The global locations of these two points are given by 
'=R' +A' (e' +u') Tp Op p (48) 
and 
(49) 
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Figure 4.5 A Suspension of the Human Back. 
where. e~p and etp are the undefo!ifudd-positions of end points of d:e Spl1ug damper 
element and u ~ and u ~ are the deformation at these points_ The relative position of 
point pi with respect to point pi, denoted by rs in the global coordinates system, 
can be written as 
r=ri-r/=Ri_Ri+Ai(e i +ui)_Ai(e
' 
+u') 
s p p Op P Op p' 
The length of the spring damper element can then be written as 
I=~': 's-
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(50) 
(51) 
Assuming that 10 is the undeformed length of the spring, the force acting along the 
spring damper element is given by 
(52) 
where k is the spring stiffuess, c is the damping coefficient, and 1 is the time 
derivative of I. The virtual work of the spring force F. can then be written as 
o w, =F. 0 I =[k(l-lo)+cijo l. (53) 
The variation of 1 can be written in terms of the generalized coordinates as 
where 
/ = 0/ 
<I oqi and 
Therefore, the virtual work can be written as 
. . [0 qi] i . . j ow,=F.·[I~/n --. =Qsoq'+ Q:oq , 
oqJ 
(54) 
, -'. 
(55) 
and the generalized forces associated with bodies i and j due to spring forces are 
(56) 
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and 
Qi =F.[ S S ql (57) 
. It is important to notice that Eqs. (56) and (57) contain the generalized forces 
associated with the reference and elastic generalized coordinates of components i and 
j. If one or both components are rigid, the deformation vector at the attachment point 
of the rigid component will be equal to zero and Eqs. (56) and (57) yield only 
the generalized forces associated with the generalized coordinates. In the present 
formulation nonlinear stiffuess and damping coefficients can be included. 
4.7 Visco-elastic model ofthe human back 
It is known that the free vibration of most elastic bodies or structures dies out 
in finite time. This is mainly because of internal material damping of the deformable 
materials which differs from the damping between rigid bodies shown in figure 4.5. It 
is also known that the human body system contains several components whose 
internal material damping plays a crucial role in the overall behavior of the human 
system. Therefore, any accurate mathematical model for the human body system with 
flexible components must account for the material damping effect. In the present 
investigation a linear visco-elastic model is considered. A Kelvin-Voigt model is 
employed, whereby the stress' is as~rned to be proportional tu th" time rate of the :. 
strain. In this case; the stress can be written as 
a=Es + Fe, (58) 
where a, &, and i; are the vectors of stress, strain, and strain rate; respectively, and 
E and F are linear matrices of elastic and damping coefficients. The virtual work of 
the visco-elastic forces for the ijth element can then be written as 
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(59) 
where yif is the volume of element ij, The strain-displacement relation can be written 
as 
Cif =Dif uif (60) 
where Dif is the differential operator, Expressing u if III terms of the elastic 
generalized coordinates, the expression of the strain cif is 
Substituting Equation (61) into Equation (59) leads to 
ow: = f,l,[oe if' (Dif Nif)T Eif Dif N"' eif 
+oeif' (Dif Nif)T Fif Dif Nii eif]dyif, 
which can further be written in a more compact form as 
(61) 
(62) 
(63) 
where K} and C} are, respectively, the stiffness and damping matrices of element ij. 
Summing the virtual work of all elements in body i, the virtual work of body i 
due to visco-e1astic forces is given by 
OW! = LOw!' =0 e" K~ oe' +0 e" C~ e' 
i 
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(64) 
where K~ and C~ are, respectively, the stiffness and visco-elastic damping 
matrices associated with body i, and e i is the composite vector of elastic coordinates 
of body i. In this connection, it is important to mention that matrices K~ and C.:,. are 
constant matrices because of the aforementioned assumption of a linear viscoelastic 
model, and also due to the local definition of the elastic coordinates only. Thus there 
is no coupling between the reference motion and elastic deformation in the damping 
and stiffness matrices were considered. 
4.8 Equations of constraints 
As described earlier, constraints between elements of a flexible body were 
imposed using a finite element Boolean matrix that describes. the connectivity 
between the different elements in the flexible body. This has been justified because 
elastic coordinates are defined with respect to the body reference. In the case of 
human body system, however, the Boolean matrix approach of the finite element 
method can not actually be used. This is basically due to the fact that compatibility 
conditions between the different body links become highly nonlinear as a result of 
the large relative angular rotations between the different sub-bodies in the human 
body system. Therefore, constraints between the different sub-bodies in the system 
are formulated using a set of nonlinear algebraic constraint equations that depend on 
the system generalized coordinates and p()ssibly on time. The use of these constraint 
equations permits the joining of two rigid components in the human body, two 
flexible components as well as one rigid component with another elastic one. One can 
note three main types of joints between the various links and components of the 
human body. These are namely, revolute, spherical and rigid joints. Examples of 
revolute joints are seen between the upper and lower arms, and the thighs and lower 
legs. Spherical joints are seen at the wrist joint, hip joint, shoulder joint and even 
between the head and neck. Examples of rigid joints could be seen at the thoracic 
spine due to the existence of the rib cage that limits the deformation of the back at this 
region. In the following sub-sections, the constraint equations that account for the 
elastic deformation at the revolute, spherical and rigid joints are developed. 
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4.8.1 Revolute joints 
In this investigation, the lumbar spine is assumed to be flexible and is 
kinematically modelled as being connected to the pelvis through a revolute joint. 
Therefore, the kinematic constraint for this revolute joint must include the effect of 
the elastic deformation. Figure 4.6 shows a typical revolute joint connecting two 
elastic bodies i and j at point p. Assuming that the joint definition point on body i is 
k, and the joint definition point on body j is 19, two conditions must be imposed in 
order to derive the constraint equations of the revolute joint. These conditions are: 
(i) Points k; and kj must coincide at all times, and 
(ii) The axes of the revolute joint on body i and j should be collinear . 
• 
1 
Figure 4.6 Revolute Joint. 
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The first requirement works as well as a condition for the spherical joint and can be 
stated in mathematical form as follows: 
(65) 
where e;' and e: are the undeformed position of nodes kl and ~, respectively, and 
eld and elg are the nodal displacement at nodes kl and kj • respectively. The second 
requirement implies that the axis of a revolute joint in body i at node k i should be 
collinear with the axis of this joint defined with respect to body j at node kJ- In order 
to define these constraint equations, let rid and rig be two vectors defined along the 
joint axis on body i and body j, respectively. It is assumed that the rotations of the 
nodes with respect to the body coordinate system are small. This assumption is 
justified because the elastic deformations are defined with respect to the component 
coordinate system and therefore, only infinitesimal nodal rotations are allowed. With 
this assumption, the component of vector rid and rig in the global coordinate system 
. are given by 
rgld = AI [/ + QId Jrld (66) 
and 
(67) 
respectively. In Eqs. (66) and (67), / is 3 x 3 identity matrix and QId and Qki are the 
skew-symmetric rotation matrices that can be written in terms of the infinitesimal 
rotations at the nodal points of this joint. These matrices are given by 
. [0 
Qk = 0, 
-0 y 
-0 z 
o (68) 
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where 0;, 0: ' and 0: are the infinitesmal rotations at node ki on component i and 
0':, 0;, and 0': are infinitesmal rotations at node k j of component j. These 
rotations are defined with respect to the component axes, and the entries of the 
resulting transformation are the elastic rotational coordinates at the nodes. Therefore, 
these matrices have to be updated at every time step. 
The collinearity of vectors r.1d and r.kJ requires that the cross-product of these 
two vectors should always be zero. In mathematical form, this condition is given by 
Id kJ _ 
r. xr. - 0, (69) 
where (x) represents the cross-product between these two vectors. Equation (69) 
gives three constraint equations. However, only two of them are independent. These 
constraints along with the constraints given by Equation (65) are required in order to 
completely define the revolute joint. The proper selection of the two constraints 
equations from Equation (69) is important in order to avoid numerical difficulties. In 
the computer-based formulation used in the present investigation, those two 
equations are automatically selected such that the resulting lacobian is not iII-
conditioned. 
4.8.2 Spherical joints 
Let bodies i and j be interconnected by a spherical joint at node I on body 
i and node m on body j. The constraint equations for the spherical joint can be 
written as: 
(70) 
where q{ and q~, are the location of nodes I and m, relative to their respective 
body coordinate systems. 
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Let the nodal coordinate at node I be denoted bye! (k = 1, ... ,6) and at 
node m be denoted bye; (k = 1, ... ,6). Then, with Ai given in Equation (8), 
Equation (70) becomes 
Xi + (0; + 0,2 - 0; - 0; y e: + 2(0, O2 - 00 OJ e~ 
+ 2(0,03 + 00 oj e~ - xi - (0; + oi - 0; - 0; Y < 
- 2(0, O2 - 0003Y e; - 2(0, 03 + 00 02)} e; = 0 
y' + 2(0, O2 + 0003Y e: + (0;_0,2 + 0;-0; y e; 
+ 2(0203 - 00 O,Y e~ - yi -2 (0,02 + 0003)} e~ 
- (0; - 0i + 0; - 0; y e; - 2 (OA - oooy e; = 0 
z' + 2(0,03 - oooj e: + 2 (02 03 + OAY e; 
+ (0; - 0,2 - 0; + 0; y e~ - zi - 2 (0,03 - oooy e~ 
- 2 (0203 + OAY e; - (0; _0,2 - 0; + o;y e; = 0 
4.8.3 Rigid joints 
(71) 
(72) 
(73) 
In this investigation, a rigid joint is considered between the pelvis and the 
LS/S 1 disc centre. The structure of such a joint must include the effect of the elastic 
deformation. One says that two bodies are rigidly connected .at a point if and only if 
the two coordinate systems embedded on the two bodies at this point do not translate 
or rotate with respect to each other. 
Let bodies i and j be rigidly connected at nodes I and m. let xt y.' Z: and 
x~ Y~ Z~ be two coordinate systems embedded in and rotating with infinitesimal 
volumes at nodes I and m. Equations (71) - (73), defining the spherical joint, imply 
that these coordinate systems have the same origin (i.e., no relative translation is 
allowed). 
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Letu"u2 ,u3,v"v2 , and V3 be unit vectors in the X:,Y,',Z:,X~,Y~, and 
z ~ directions, respectively. Assuming small rotations at the nodes, with respect to 
body-fixed coordinate systems, U., and V. (k = I, 2, 3) can be written globally as 
(Shabana 1989) 
k = 1,2,3 (74a) 
A Al Aim A 
Vkg = Vk ' (74b) 
where the subscript g stands for global. The matrices Ai and A I are transformations 
from body i and j coordinate systems to the inertial frame (Equation 8). The matrices 
Ail and A J'" are given by 
A<f: e' -,:] 6 1 e' 4 
e' -e' 1 5 4 
(75) 
A~+; em -';] 6 I em 4 
em _em I 5 4 
(76) 
where e! and e; (k = 4, 5, 6) are the rotations at nodes J and m, with respect to the 
corresponding body-fixed courr:in~.t~ sytem. 
Let U,.' U2.' U3.' v," \12" and V3• be unit vectors defined by Equation (74) in 
the directions X:,Y,',Z:,X~,Y~, and z~, respectively. If no relative rotation is 
allowed between theX: Y,' Z: and X~ Y~ Z~ coordinate systems, the following 
relations are valid, where (.) stands for dot or scalar product 
k,n = I, 2, 3 (77) 
and p: are constants. In addition to Eqs. (71) - (73), only three of the above 
relations are required to express the rigid joint. 
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4.9 Dynamic equations of motion 
Once the position and velocity vectors of a point are defined, the system 
constraint equations are identified, and the material stress-strain law is selected, the 
equations of the human body components can be derived. For the flexible segment i 
of the human body, the kinetic energy of the ijth element was given in Equation 22 as 
T if lr ij.ijT· ifdij 1.ijT Mij · ii =ZJ,nP rp rp v =zq q , (78) 
where pif. is the mass density of the element material, vif is the element volume, and 
(79) 
is the vector of generalized coordinates of element if, and M g' is the element mass 
matrix. The total kinetic energy of the segment or body i is given by 
T' = LTif =14" M' q', 
J 
(80) 
where q' is the generalized coordinates of body i, and M' is the mass matrix of 
body i. The virtual work oftlie forl,es acting on componeilti is written as 
.5w'=Q" .5q' (81) 
where Q' is the vector of generalized forces associated with the generalized 
coordinates of segment i. Vector Q i includes the effect of external forces, visco-
elastic forces, and suspension forces of body i. The composite vector of the system 
generalized coordinates can be written as 
IT 2T NT q=[q ,q , ... ,q j, (82) 
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where N is the total number of segments or bodies in the system. The nonlinear 
algebric equations, which are used to describe constraints between human body 
segments, can be written in vector function form as 
tP(q,t)=O (83) 
where tP(q,t)=[tP, (q,t), ... ,tPm(q,t)]' Here m is the total number of independent 
constraints. Equation (83) states that the constraint function can be explicitly 
dependent on time as well as the system generalized coordinates. Examples of these 
nonlinear constraint equations are given in section 4.8, where the equations for 
revolute, spherical and rigid joints were presented. Presuming that the constraints are 
workless, the variational form of the equation of motion (Shabana, 1989) for segment 
i is given by 
[!!...(T' )-T' +q" K" +/l C" -Q" ]xo q' =0 dtq' <I ' (84) 
where the virtual displacement t5 q' is consistent with the constraint equations given 
by Equation (83) and Q' includes the effect of external forces and the human 
suspension forces only. In Equation (84), subscript notation denotes differentiation 
with respect to a vector. UsiQg the Lagrange multiplier tec<hnique, it can be shown 
" :. . 
that the equations of motion for component i is (Shabana, 1989), 
!!...(T'·)-T' +K' '+C' ti' -Q' +tPT A. = 0 dt <I <I q q' (85) 
where tP <I is the Iacobian of the constraint equations and A is the vector of 
Lagrange multipliers. The equations of mo~ion of body i can be written as 
M'(q') q' + k' q' = pi (q',i/) + Q' (q,q,t) - tP~(q,t)A. 
where 
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(86) 
F' (q' ,<i') =.!.. <iIT M' II' - U' q' 2 <I 
It is an easy matter to show that the entire human body system equations of motion 
can be written as (Shabana, 1989) 
M ij + C <i + K q = Q + F + r/J; A. (87) 
where M, C, K, and Q are the system mass, damping, stiffuess matrices, and the 
generalized force vector, respectively. F is a quadratic velocity vector that arises 
from differentiating the kinetic energy with respect to time and with respect to the 
generalized coordinates. r/J q is the Jacobian matrix and A is the vector of Lagrange 
multipliers. The system equations of motion can be written in partitioned form as 
(88) 
where subscripts r and f refer to reference and flexible, respectively. It can be 
noticed that, because of the definition of the elastic coordinates, there is no coupling 
:' .. : 
between the reference and elastic coordinates in the damping and stiffuess matrices. 
The inertia coupling that appears in the mass matrix is represented by the sub-matrix 
m if and it's transpose m fr' More details about the components of these matrices and 
their physical interpretation in two-dimensional and three-dimensional cases can be 
found in Shabana and Wehage (1983, a,b). In the present study, however, it is 
important to emphasize that the mathematical model of Equation (86), which is used 
to analyze the human body system under investigation, is highly nonlinear because of 
the nonlinear inertia coupling, nonlinear constraint equations, and of particular 
interest, nonlinear suspension characteristics. The development of the system 
equations of motion is automated and coordinate reduction techniques are employed 
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to reduce the number of coordinates. This subject IS discussed in the following 
sections. 
4.10 Coordinate reduction analysis 
The total number of differential equations of motion of the human body 
system, given by Equation (86), has large dimension. This large dimensionality is 
due to the large number of elastic degrees of freedom required to model the flexible 
lumbar spine. An efficient solution of the system equations of motion of large scale 
human body systems requires a transformation of the physical coordinates into a 
space of lower dimension. This transformation is achieved by writing the elastic 
physical coordinates in terms of a smaller set of modal coordinates. This reduction 
also has the advantage of eliminating the high frequency content in the system 
equations of motion, thus reducing the computational cost. The dimension of the 
vector of modal coordinates is determined based on the frequency content in the 
forcing functions. The frequency equation to be solved in order to find the 
eigenvalues and the eigenvectors of the ith flexible component is given by 
(89) 
where m~ and K~ are the flexibility mass and stiffuess matrices, and q~ are the 
generalized elastic coordinates of segment i. The normal modes of vibration 
resulting from Equation (89) should be consistent with the boundary conditions of 
the constrained component. These normal modes can be selected by a proper choice 
of the reference conditions (Agrawai and Shabana, 1985). After solving the 
Eigenvalue problem, a coordinate transformation from the physical nodal 
coordinates to modal coordinates is given by 
q~ = Ei Xi, (90) 
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where E' is the modal matrix whose columns are eigenvectors obtained from 
Equation (89) and x' is a vector of modal coordinates. It should be mentioned that 
the mapping from q ~ to x' is a constant mapping and therefore it need to be 
evaluated only once in advance for the dynamic analysis. This modal matrix is 
evaluated in a finite element preprocessor. The input data for this preprocessor 
require the number of elements in the flexible lumbar spine, type of finite element 
to be used, number of nodes, their location and their connectivity, element 
properties, and reference conditions or boundary conditions. The preprocessor also 
generates all the time invariant matrices that are required for the dynamic analysis 
(Shabana and Wehage, 1983). These data, in addition to the data required to 
identifY the inertia properties of the rigid components, the joint between adjacent 
components, and the spring and damper characteristics represent the input data for 
a processor computer program that automates the development of the system 
equations of motion and numerically solve for the reference and modal 
coordinates. The forces are recovered using the transformation given in Equation 
(88). A postprocessor graphic computer program is used to display the deformed 
shape of the flexible components. 
4.11 Conclusions 
A mathematical model for the analysis of a whole human body is presented. 
The mathematical model is a 3D formulation derived from a well-established general 
formulation of multibody systems. In the analysis the human body was considered as 
a multibody system consisting of interconnected rigid, flexible and viscoelastic 
segments. The lumbar spine was treated as flexible, while the remaining segments of 
the entire human body were treated as rigid. The flexibility was introduced into the 
mathematical model, using ten short and stubby finite elements (see section 4.2), that 
account for both geometric and inertia nonlinearities to describe the behavior of the 
vertebrae and their discs. The internal material damping of the lumbar spine was 
considered using a linear viscoelastic Kelvin Viogt model. The deformation of the 
flexible bodies with respect to their reference was described using the elastic nodal 
coordinates that were resulted from the finite element descretization of the lumbar 
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spine. The location and orientation of the flexible bodies references with respect to 
the inertial frame were determined using a set of reference coordinates. The reference 
coordinates were introduced into the mathematical model using a set of Cartesian 
coordinates and Euler parameters. The inertial coupling between the reference motion 
and the elastic deformation was accounted for in the formulation. The mechanical 
joints that connected the various segments of the whole human body system were 
described by nonlinear constraint equations, that were adjoined to the system 
differential equation of motion using Lagrange multipliers. Expressions for the 
Kinetic and Strain Energies as well as for Virtual Work were derived for each 
vertebral body and its disc. The whole body system differential equations of motion 
were written in terms of a mixed set of physical reference and modal coordinates. 
The equations of motion of each body in the system were formulated using 
Lagrange's equation. 
The computer-based formulation is implemented in chapter five, on a 2D 
sagittal model of a whole human body. The method is applied to two different 
models, a lifting simulation and a pushing simulation. 
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Chapter Five 
5.0 A Biomechanical Human Model 
5.1 Physical model of a whole human body system 
The computer based formulation presented in chapter four is exemplified in 
this chapter by developing a new 2-D biomechanical sagittal view model of the 
whole human body. This model is somewhat similar in representation to the whole 
human body models of Chaffin (1969); Ayoub and EI-Bessossi (1976); Frievalds et 
al. (1984); Khalil and Ramadan (1988); deLooze et al. (1992); Lindbeck (1995) and 
Crosbie et al. (1997). The similarity between the model developed herein and the 
above mentioned ones is that in all cases, the whole human body is considered to 
consist of a set of straight links or segments connected by simple articulating joints. 
These types of models are better known as linked segment models or multi-segment 
linked models. Unlike all previous models in which all the links are treated as rigid, 
however, the present model treats the whole lumbar spine region as elastic. The 
present 2-D sagittal dynamic model is schematically displayed in figure 5.1 and 
consists of the following segments: feet-lower legs, upper legs, pelvis (hips to L5/S 1 
disc centre), trunk (lumbar plus thoracic spine), upper arms and hands-lower arms. 
As can be seen from figure 5.1, ten revolute joints can be recognized in this system. 
These joints connect the feet-lower legs (denoted by link 2) to the ground (link I), 
feet-lower legs to upper legs (link 3), upper legs to a massless body (link 4), upper 
legs to pelvis (link 5), lumbar (link 6) to lower thorax (link 7), lower thorax to upper 
thorax (link 8), upper thorax to head and neck (link 11), upper thorax to upper arms 
(link 9), upper arms to lower arms-hands (link 10), and lower arms-hands to load 
lifted (link 12). The massless link is present to hold the joints together, and a rigid 
joint is assumed to connect the pelvis (link 5) to the lumbar spine (link 6). It is worth 
mentioning here, that the geometrical dimensions used in the links 7 and 8 allow the 
accurate representation of the kyphosis curvature, while the shape of link 6 (lumbar 
spine) describes the lumbar lordosis curvature. In this model, an imaginary massless 
body (link 4) is used to represent the connection between the upper legs and the 
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pelvis and the pelvis with the lumbar spine through the springs and dampers. The 
link end points are defined in the second column of table C5.1 in Appendix C which 
Ko"" 
L~R.volu't. )0;", Ri 
Ground Coordinate Systems 
are taken at the centre of 
LS1S 1 disc.(Link 1 is Grotmd) 
Figure 5.1. Whole Human Body Biomechanical Model Linkage Representation. 
also displays various link lengths proportions adopted by different authors and the 
corresponding average calculated values used in the present model. In some cases 
slight adjustments to the values such as segment mass and length were made before 
being used in the development of the model. However, the anthropometrical and 
inertial parameters used in the present model are displayed in table C5.2, in 
Appendix C where the assigned link names and numbers are also shown. 
In the current model, the trunk is treated as consisting of a rigid thoracic part 
(links 7 and 8) in addition to a flexible lumbar part (link 6). The thoracic spine length 
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is taken to be from Tl2/Ll disc center to C71T1 joint center (see figure S.I). The 
assumption of the rigidity of the thoracic region has been previously supported by the 
work of Jager and Luttmann (1989), who based their assumption on the findings of 
Panjabi and White (1980). Panjabi and White (1980) have demonstrated that only 
small rigid body movements in the thoracic spine are allowed due to the structure of 
the ribcage surrounding the vertebral column in this region. Moreover it was shown 
by Morris et al. (1961) that the ribcage and the thoracic cavity, which is filled with 
air, limit the movements of the thoracic spine. In fact, White and Panjabi (1978) have 
specifically reported that only 4 to 60 of f1exion-extension motion in the upper and 
mid thorax region exists. Minimal deformation in the thorax was also reported by 
Nussbaum and Chaffin (1996). 
The process adopted in computing the segment lengths (table CS. 1 ) is 
repeated here in calculating the segment mass values which are expressed as a 
percentage of the total body mass and displayed in table CS.3 in Appendix C. In this 
table, the calculated averages are also determined and are used in the present model. 
The values of radius of gyration and mass moment of inertia used in the present 
model were also adapted from Dempster (19SS) and are listed in table CS.2 in 
Appendix C. In the current study, a CAD programme was used to geometrically 
construct a complete thoraco-Iumbar vertebral column in a 2-D sagittal plane (see 
figure S.2). The two-dimensional coordinates of the centre and end points of the discs 
and vertebrae of the spinal column shown in figure S.2 are measured with respect to 
the coordinate system located at the center of LS/S 1 disc (origin 0,0) and are given in 
table CS.4 in Appendix C. The lordosis and kyphosis angles as well as the overall 
vertical lengths of the lumbar and thoracic parts are also displayed in figure S.2. The 
vertebral column is developed in this study using the mean dimensions given in table 
CS.S in Appendix C, hence it represents an average spine and not specific to any 
particular individual. Since in sagittal plane activities, the majority of the loading 
(more than 90%) is supported by the anterior part of the vertebral bodies (Shirazi-
Adl, 1989; Dietrich et aI., 1992), only the anterior parts of the vertebral column are 
constructed, and the posterior elements are excluded for simplicity. 
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The vertebral column developed consists of vertebrae from Tl to L5 and their 
intervening discs. The vertebral column was constructed using the linear dimensions 
of the vertebrae and their discs from the extensive data developed in chapter 2 of this 
thesis. For more elaboration on the data used for the vertebral bodies and their 
intervening disc dimensions, please refer to tables 2.2-2.10. 
Thoracic Spine 
(Kyphosis) 
49° 
y 
35° 
0.4263m 
11.3 0.1793 
, L4 
Lumbar Spine 
(Lordosis) 
34° 
Origin (0,0) 
(Disc end POint)==~~'-:::--'--'--· 
Figure S.2a. Thoraco-Lumbar Vertebral Column. 
(Developed using Mean Values Shown in Table C5.5). 
The configuration of the vertebral column in an erect posture was graphically 
adjusted to match that of the vertebral column developed by Chaffin (1969) in order 
to determine the kyphosis and lordosis angles (figure 5.2). Adjustments and scaling 
was necessary to maintain the lordosis and kyphosis angles within the limits reported 
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by Stagnara et al. (1982). For the vertebral column that was reported by Chaffin 
(1969), the linear height dimensions of the vertebral bodies and their discs in the sagittal 
plane were indicated on the diagram. The depths dimensions that were not indicated 
were digitized from a magnified diagram of the given column. These dimensions were 
then used to construct the vertebral column by means of a CAD program. Another 
vertebral column was also constructed from the data compiled in chapter two, and since 
the wedge angles of the discs were not known, initially the wedge angle of the column 
of Chaffin was used in the newly constructed column. Next the two columns were 
superimposed on each other, and the linear dimensions were adjusted so that the 
configuration of the two columns matched each other. Finally linear scaling of the 
. height values was necessary to obtain the lumbar lordosis and kyphosis angles within 
the limits given by Stagnara et at. (1982). Therefore, with these adjustments a 
reasonable configuration of an average spine was obtained. In this erect configuration, 
the axis of the LS/SI intervertebral disc centre is flexed 36' from vertical. The Tl2ILI 
intervertebral disc axis is extended 7', and the TlIT2 disc axis is flexed 3S' from 
vertical. 
Figure S.2b. Section through abdomen showing distance of centre of disc to exterior 
posterior surface of the back (from The Visible Human Project) 
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These values represent the extremes of the slopes of the curves. The overall vertical 
height of the intervertebral column from the L5/S 1 disc centre to the TlIT2 disc 
centre in this configuration is 0.4263 m. The L5/S 1 disc centre was assumed to be 
located about 34% from posterior skin surface on the anteroposterior diameter at the 
level ofL5/S1 (deLooze et al., 1992). Although this is an apparently large distance it 
is graphically confirmed by the illustration in figure 5.2b. 
5.2 Weights of the body segments 
Using the data of Dempster (1955); Clauser et al. (1969); Chandler et al. 
(1975); Garg and Chaffin (197S); Plagenhoef et al. (1983) and Winter (1990), the 
average mass of the various segments of the whole human body have been calculated 
and applied at the mass centre of each segment (see table CS.3). However, the mass 
centres of each segment except the trunk segments (i.e. thoraco-Iumbar spine from 
LS/Sl to TlIT2 vertebral level) were located using the data of Dempster (19SS). Also 
volumes and masses of isolated vertebrae and discs (see table CS.6) were calculated 
using the human bone and nucleus densities of 2000 kg/m3 (Carter and Hayes, 1977) 
and 1342 kg/m3 (Simon et aI., 1985) respectively. In the case of the trunk, the weight 
is assumed to be distributed over its length from the L5/S 1 disc centre to Tl vertebra 
superior surface. In this regard, the trunk was imagined to be sliced parallel to the 
horizontal plane at the base of each vertebra and its disc as shown in figures S.3a and 
S.3b. This method of dividing the trunk into slices was previously adopted by 
Takashima et al. (1979). Each trunk slice in the present case was assumed to have a 
. cylindrical shape with elliptical cross-section, the diameters of which were obtained 
from the literature. The frontal and sagittal diameters of the trunk slice were adopted 
from Erdmann (1997). The slices vertical heights were linearly scaled to match the 
overall height of the thoraco-lumbar spine developed in this work which was then 
physically superimposed on the trunk in the sagittal plane (see figures S.3a and 5.3b). 
Erdmann (1997) reported dimensions of the human trunk using computerized 
tomography images of fifteen male subjects of an average age of 32 years. Once the 
slice diameters and heights were established, the mass of each slice was then 
computed using the averages of the data presented in table CS. 7 in Appendix C. The 
slice masses were computed using three different tissue densities reported by 
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Dempster (1955); Chandler et al. (1975) and Takashima et al. (1979). Another set of 
mass values were computed using the averages of the three values given by the 
former investigators. 
Linear elastic properties of the spinal elements were taken from table C5.8, 
which is reproduced from table 2.11 of chapter 2. These property parameters were 
required as an input to the flexible model of the lumbar spine developed in this 
chapter. Probably the most difficult and uncertained area of human modelling is the 
representation of material characteristics and mechanical behaviour (Bedewi and 
Bedewi, 1996). When the complete whole human body model was simulated, the 
spine was found to lack stiffiless, using a Young's Modulus of 4.2 MPa as given in 
the literature for an isolated disc. Therefore, experimental runs were performed with 
a new set of disc stiffiless values. These values represented the modulus of elasticity 
of a motion segment as a whole and not as an isolated one. It was found that a 
Young's Modulus of elasticity of 550 MPa best represented the disc behaviour and 
gave results that agree with the literature. The disc as has been described in section 
1.2 comprises of a nucleus pulposus and annulus fibrosus. The annulus and nucleus 
fit together like two concentric cylinders, held at each end by cartilaginous end 
plates. These end plates are significantly stiffer and harder than the annulus and 
nucleus (Miller, 2001). The overall compression force is evenly distributed to the 
annulus and nucleus by these end plates. The intervertebral discs are connected 
posteriorly and anteriorly to longitudinal ligaments that run the length of the spine 
(Robertson, 200 I); and also a pair offacet joints are present. If the effects of these 
elements and the contribution of posterior elements and the surrounding organs are 
taken into account they add up to the disc stiffiless and provide resistance to 
compression and shear force during task execution. 
Yoganandan et al. (1997) used end plate modulus from 50 to 1500 MPa and 
disclosed that increases in the material moduli of the end plate and the disc annulus 
did not result in increases in the end plate or vertebral body stresses. Spilker et al. 
(1984, 1996) and Miller (2001) on the other hand, simulated their models using 
Young's Modulus (E) of 334 MPa for the annulus and Young's Modulus for the 
endplates which was 4000 times the Young's Modulus of the annulus. A quick look 
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at table CS.8 which contains the compiled data on the various elements of the motion 
segments, one can observe that similar values of Young's Modulus have been used 
by previous investigators. For example Lavaste et al. (1992) and Robin et al. (1994) 
used a value of SOO MPa. Goel et al. (199S) on the other hand used a value of 4S0 
MPa, whereas Kong et al. (1998) used a value of SSO MPa. Finally, Rao and Dumas 
(1991) simulated their model of the LS/S 1 disc using a value of 1000 MPa as a 
Young's Modulus of elasticity of the annulus. It is to be noticed here also that, the 
effective area and the effective area moment of inertia used in the present study are 
those associated with the cross-section of the vertebral body and not the trunk slice. 
In the present model a set of springs and dampers were used to replace muscles and 
ligaments. 
It is recognised that the centre of rotation of a body slice at its centre of mass is an 
approximation. Body slices with their own rotational inertia properties could have 
been modelled (within the formulation presented) by the use of separate bodies for 
the slices, but an approximation has been made to keep the model as simple as is 
reasonably possible. The effect of this approximation on the overall performance of 
the model is not significant, since only the lumbar spine is treated flexible, whereas 
the upper and lower thoracic spines are rigid. Further more, as it can be observed 
from figure S.3a there exist small offset between the centre of rotations of the slices 
and the vertebral segments (in L1 and LS levels), while at the levels L2-L4 the 
offsets are insignificant. 
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Figure S.3a. Vertebral Column is Superimposed on the Trunk to be Sliced at 
the Various Levels (the dimensions of the trunk are derived from Erdmann 1997). 
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Figure S.3b. Vertebral Column is Superimposed on the Trunk to be Sliced at 
the Various Levels (the dimensions of the trunk are derived from Erdmann 1997). 
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5.3 Task simulation 
5.3.1 Lifting model 
The task chosen was a two handed sagittal plane lifting activity which is 
usually found in the manual material handling industry in which a worker (assumed 
to be initially in an upright standing posture) lifts a load from a low shelf in front of 
him and places it onto a conveyor belt for a transportation. The movement is 
assumed to take place in sagittal plane and it is also assumed that the subject's upper 
and lower arms are not flexed or extended during the task execution. In figure 5.4 
stick-figures are depicted to illustrate the movements from the start to the end of the 
lifting activity which lasts for two seconds (one second for bending the trunk to reach 
the load and one second for lifting the load). The model subject's height and mass 
were arbitrarily chosen to be 1.8 m and 75 kg respectively. Based on these data and 
using the lengths and mass proportions outlined in tables C5.1 and C5.3 in Appendix 
C, the remainder of the segments anthropometric and inertial parameters were 
calculated and displayed in table C5.2 in Appendix C. The subject is assumed to 
initially be standing erect with the lower legs flexed 10· and the upper legs extended 
10·. The upper arms are at 150· to the vertical and the lower arms are horizontal. The 
subject then flexes his trunk 90· from the vertical to reach the load. This activity is 
assumed to take place in the first second. The subject is then assumed to grasp the 
load from a shelf in front of him at a height of approximately 0.48 m from ground 
level, and places it onto a shelf at a height of 1~2 m \vhich is also in front of him. Ibe 
action oflifting is also executed in one second corresponding to a lifting speed of 0.7 
m/s. Thus this lifting speed is considered fast, and therefore, the inertial effects of the 
load lifted and the body segments are expected to contribute significantly to the 
loading of the spine. The lifting action is accomplished by erecting the pelvis from 
the hip joint, lifting loads ranging 0 to 50 kg. The horizontal distance from load 
centre of mass at the origin of lift was found to be approximately O. \3 m and at the 
destination the horizontal distance increased to approximately 0.54 m. This lifting 
technique is therefore, essentially a type of stoop or back lifting. 
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5.3.2 Pushing model 
Despite the fact that the majority of the overexertion injuries in manual 
materials handling (MMH) industries are found to be associated with lifting activities 
(Marras et aI., 1993; Chaffin and Andersson, 1991), overexertion injuries are also 
ascribed to pushing and pulling activities (NIOSH, 1981). In fact researchers have 
pointed out that almost half of the manual materials handling consists of pushing and 
pulling activities (Kumar et al., 1995). In the present study in which the focus was 
on the lifting model, a pushing case was also considered. The pushing model used for 
this purpose was based on the lifting model discussed in section 5.3.1. The 
anthropometric, inertial and other related parameters were similar to those used in the 
lifting model. The objectives are to investigate the relationship between the load 
pushed and the lumbar spine stresses. The simulated pushing task is executed in 2 
seconds, and is accomplished by raising the upper arms, which in turn force the 
lower arms to extend and push the mass in a horizontal direction. As illustrated by 
the stick-figures shown in figure 5.5, the subject is initially standing erect, and 
because pushing activities are primarily performed by the upper extremity and trunk 
aggregate, the lower extremity is constrained from moving in any direction. The 
mass handled is assumed to move only in the direction of the force applied by the 
hand, i.e. the horizontal direction. The mass center of gravity is assumed to be at 
approximately the shoulder height. Simultaneous to the movements of the arms, the 
trunk also flexes as the mass is pushed. The trunk flexed 15° to the vertical, while the 
upper arms were raised by rotating them 4bq ctitillter-c1ockwise from the ,clltial 
position. Due to such movements the mass handled travels a distance of 
approximately 0.84 m in 2 seconds of the task duration, this corresponds to a pushing 
speed of about 1.5 kmIhr. 
5.4 Computer Program 
The flexible lumbar spine was discretized into 10 simply supported beam 
elements, corresponding to the five vertebrae and the five intervening discs of the 
lumbar spine. For each flexible component in the whole human multi-body system 
(lumbar spine in this case), a finite element mesh is generated using a finite element 
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preprocessor. The eigenvalue problem of free vibration is solved for the classical 
theory. The modal characteristics and the time-invariant matrices and vectors that 
appear in the system equations of motion are generated. The flexible data obtained 
from the preprocessor and the rigid body data together with the mechanical 
constraints descriptions are then combined and provided to general dynamic analysis 
code. These information are provided only once in advance for the dynamic analysis. 
The system nonlinear mass matrix, system linear stiffness matrix and the vector of 
generalized elastic forces are computer generated. The dynamic analysis is carried 
out using a Multibody Dynamics package DAMS (Dynamic Analysis of Multi-body 
Systems). Samples of input data files and user supplied Fortran subroutines are listed 
in Appendix D. 
2 3 4 5 
6 7 8 9 10 
Figure 5.4. The Events and the Postures as the Assumed Subject Performs the 
Lifting Task (the complete events take place in two seconds). 
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Figure 5.5. The Events and the Postures as the Assumed Subject Performs the 
Pushing Task (the complete events take place in two seconds). 
5.5 Results aud discussious 
Interest in this study is focused on studying the elastic effect of the lumbar 
spine on the dynamic response of the whole human body model. L5/S 1 joint 
compressive force, moment and shear force are shown in figures 5.6 - 5.11. In figure 
5.12, the deformation along and transverse to the lumbar spine is shown and in figure 
5.13, two, four and six modes solutions are shown. Finally, the results of a pushing 
model simulation are shown in figures 5.14 - 5.17. 
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5.5.1 Lifting Model- L5/S1 compressive force 
The curves for the compressive force on the L5/S I disc are shown in figure 
5.6 for lifted loads of 0-50 kg. As was previously pointed out, a back lifting 
technique was employed in this analysis, in which the load is lifted by the erection of 
the trunk which is initially in the erect posture, then it is flexed to a near horizontal 
position to reach the load origin. At the instant of grasping the load the lower arm is 
assumed to be initially flexed in a horizontal position and the angle between the 
upper and lower arms remain constant throughout the lifting execution process. All 
the body segments are assumed to come to rest at the end of the lift. The trends of the 
resulting curves for all the loads simulated appear to take a similar profile. At the 
start of lift when the trunk has already flexed from the erect position to a position 
where the hands have reached the load (when the trunk is making an angle of o· with 
the horizontal), there is a sudden dip in the force values for a very few milliseconds, 
and then the force keeps increasing steadily with the increase of the trunk angle. 
Approximately 200 ms towards the end of the task the force shows a slight decrease 
in value, this is due to a slight decrease in the moment arm magnitude from the 
maximum. The reason for the steady increase in the compressive force from the start 
to the end oflift is that the load lever arm which was about 0.13 m at the origin of the 
lift, increased to a maximum of 0.59 m just before the destination and was 0.54 m at 
the destination of the lift. This trend in the force value is very reasonable as the 
output of the present model, since it is assumed that all the compressive forces 
induced are due to the external forces ohly. Frievalds et al. (1984), also found that 
larger box sizes which created larger moment arms resulted in an increase in L5/S 1 
compressive forces which, agrees well with the output of the present model. These 
external forces i.e. the forces of loads lifted plus the body segmental forces have to 
be counter balanced only by the forces of the erector spinae muscles. Although for 
loads up to 20 kg the L5/S I compressive forces are within 'Iimits seen as acceptable 
by NIOSH (1981), lifting loadsin excess of 20 kg show increases in forces reaching 
or even exceeding the maximum limits set by NIOSH (1981 and 1993). For example, 
when a 40 kg load was lifted, the compressive force increased to approximately 7500 
N which exceeds the maximum limit of 6400 N set by NIOSH. Exposing the spine to 
this sort of loading magnitude can be alarming if all the loads are to be taken 
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exclusively by the spine. Moreover, limits of 6000 N for 20 year old males and 4400 
N for 20 year old females have been recommended by Jager and Luttmann (1992). 
For older females and males a lower limit was recommended by the latter 
investigators to account for degeneration and physiological differences due to the 
aging processes. The lumbar spinal functional units have been reported to have failed 
under compressive loads ranging from 3698 N and 12980 N (Adam and Hutton, 
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Figure 5.6. Curves of the lumbo-sacral compressive forces during the lifting ofloads 
of 0-50 kg. 
The peak values for loads up to 30 kg never exceeded the 6400 kN set by NlOSH. 
The large variations in the failure loads are mainly due to inter-individual differences 
in body build and also due to aging degeneration of the spinal elements. The 
compressive force limits referred to above are the limits which may incur micro-
damage to the spine if it is directly exposed to them. Having said this, there are also 
some suggestions that Intra-Abdominal Pressure (lAP) may contribute in providing 
some support in relieving the load on the spine by extending the trunk (Morris et al., 
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1961, Chaffin, 1969}. It has been suggested that the abdominals play an important 
role in generating extensor force during lifting tasks, either by increasing intra-
abdominal pressure or by creating tension in the lumbodorsal fascia (Gracovetsky et 
al., 1985; Bartelink, 1957). However, McGiIl and Norman (1985, 1987) disputed this 
and indicated that the abdominal muscles are not capable of generating substantial 
extensor force, and therefore IAP played little role in dynamic lifting. Also reports 
pointed out that the thoraco-Iumbar fascia generated the majority of the extensor 
force in heavy load lifting (Straker et al., 1997 from a report by Gracovetsky et al., 
1981). 
The curves in figure 5.6 show the lumbo-sacral compressive force for loads 
ranging between 0 and 50 kg. The maximum compressive force values for these 
loads ranged from approximately 2800 N to approximately 8000 N. As the load 
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Figure 5.7. Lumbo-sacral compressive force during the lifting of a load of 40 kg. 
handled increased to more than 30 kg, the maximum allowable limits recommended 
by NIOSH (1981) were exceeded. When the compressive force values were 
compared with the values reported by Jager and Luttmann (1989), for the loads of 20 
135 
and 40 kg, and for the task duration of one second (i.e. dynamic), it was found that 
for both loads the present model showed lower values (approximately 18% and 12% 
lower respectively). Jager and Luttmann (1989) reported a peak compressive force 
value for lifting 40 kg load in one second of about 8500 N, whereas, the present 
model peak compressive force value was 7500 N for lifting a 40 kg load in one 
second (see figure 5.7). This lower value is probably due to the inclusion of lumbar 
flexibility that is expected to absorb the severity of the compressive force and 
converts it to a slight deformation in the discs. This will be explained in more detail 
later. For a slower· lifting speed, a lower peak compressive force of up to 30% or 
more (of maximum) is expected especially with lighter loads where less inertia are 
induced as was also shown by Jager and Luttmann (1989). The near end posture 
simulated here was a posture which produced the largest lever arm, and therefore, 
this posture, was the one stressed the spine the most when the largest load was lifted, 
in this case 50 kg. If the compressive force values on L5/S I due to different loads 
can be identified, a safe working load can be determined, for the size of lever arm 
present due to the load positions. For a load of 20 kg, the model calculated a 
compressive force acting on L5/S I in the similar range with Jager and Luttmann 
(1989). Great care is to be taken as far as L5/S I compression is concerned if loads 
more than 20 kg are to be lifted for situations simulated by the present model. 
Although the model was not exactly sitnilar to the models described above, 
especially with regard to the magnitude of the moment arm, the results obtained 
generally agreed with the maximum limits causing the spinal damage. The results are 
expected to be more realistic had the lever arm been kept constant or even decreased 
with the erection of the spine, but for the case simulated in the present model (which 
can arise in real situations) the results are satisfYing. 
5.5.2 Lifting Model - L5/S1 moment 
In figure 5.8 the curves for the lumbo-sacral moments for loads ranging from 
10 to 50 kg are shown. The curves in this figure show that the lumbo-sacral torque at 
the instant of grasping the load decreases for about 100 ms and then increases 
steadily reaching a maximum value just before the trunk is in upright position. In the 
last 200 ms or so, the torque decreases slightly. The increase in the torque with the 
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trunk erection is due to the steady increase in the lever arm which at the start of lift 
was about 0.13 m and reaches a maximum of 0.59 m just before the complete trunk 
erection (320 to the vertical). The peak torque values for loads of 10 to 50 kg were 
225 to 405 Nm respectively. For a 20 kg load a maximum torque of 280 Nm was 
calculated by the model (see figure 5.9), while deLooze et al. (1992) reported a 
maximum torque of250 Nm for a lifted load of 18.8 kg. In the latter report the lifting 
task was executed in 2 seconds, whereas in the present model the 20 kg load was 
lifted in only one second. Therefore, this higher value of torque is expected due to a 
higher speed of lifting and a heavier load which, produce higher inertia of body 
segments, and ofload lifted. deLooze et al. (1992) reported an increase in the L5/S 1 
moment for the first half second into the lift, after which the moment decreased 
steadily reaching to a minimum value towards the end of lift. In the present case, the 
trend of the curve was different than that of deLooze et al. (1992), as in the present 
model the L5/S 1 moment kept increasing until the trunk was 320 from the upright 
position. During the erection of the trunk the positions of the arms were such that the 
load lever arm increased with the increase in the trunk erection, reaching a maximum 
just before the upright position. In deLooze et al. (1992) this was not the case, the 
moment arm in their model was kept constant, or even was decreased with the 
erection of the trunk. 
In Jager and Luttmann (1989) the torque at the L5/S 1 was computed for a 
static holding of a 20 kg load. They reported an increase in the torque values with the 
erection of the trunk, reaching a maximil •• l of<ibuut 200 Nm just before tlie,upright 
position. In their case the subject's upper arms were hanging vertical and the lower 
arms were in a horizontal position, similar to the present model except that in the 
present dynamic model the upper arms were not fully vertical. The lower values of 
moments in Jager and Luttmann (1989) are acceptable because in the static mode 
inertial effects are not included. Henceforth, the present model values are about 28 % 
higher than the latter reference values for a lifted load of 20 . kg. The latter 
investigators also statically simulated loads of 30, 40 and 50 kg. The maximums 
reported for those loads were, 255, 310, and 350 Nm respectively, in comparison 
with the present model maximums of333, 373, and 407 Nm for the same loads. 
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deLooze et al. (1993), on the other hand, reported L5/S1 moment for dynamic 
lift of a load of 15.3 kg whereby, the moment arm was kept constant during the task 
which, lasted one second. The load moment arm size in their model was 20 % of the 
subjects' body height (about 0.36 m), for both the back and the leg lifting and 
lowering techniques. The mean peak moment on L5/S I reported by deLooze and his 
colleagues was about 230 Nm, and the peak L5/S1 moment for a load of IS kg 
calculated by the present model was about 254 Nm (see figure 5.1 0). Peak moments 
at L5/S1 disc of355 Nm and 313 Nm for fast and normal lifting speeds respectively, 
were reported by Tsuang et al. (J 992), for lifting of IS kg load from floor to knuckle 
height in sagittal plane. Finally, Hooper et al. (1998) reported peak moments at 
L31L4 and L41L5 discs of 187 and 196 Nm respectively for a lifted load of 
approximately 10 kg. 
5.5.3 Lifting Model- L5/S1 shear force 
The curves for the lumbo-sacral shear forces are shown in figure 5.11. The 
shear force curves show a steady increase from the start oflift reaching their peaks in 
about 400 ms (i.e. 1.4 s from the erect position), after which the force decreases 
reaching their minimum at the end of the lift. This is due to the fact that the shear 
force components decrease and the compressive force components' increase with the 
trunk extension angle. These trends were true for all the loads lifted which ranged 
from 10 to 50 kg. It can also be observed that at the start of the lift when the trunk 
makes zero angle with the horizontal plane, the shear force is greater than 'zero, this 
is so, because the lumbo-sacral disc is inclined in relation to the trunk's longitudinal 
axis as a result of the normal lumbar lordosis as was pointed out by Jager and 
Luttmann (1989). In the present model the lumbo-sacral disc inclination to the 
vertical was 36°. The peak shear force values ranged from 440 N for a 10 kg load to 
1110 N for a load of 50 kg. Jager and Luttmann (1989), however, reported peak 
shear force values ranging from 400 N for static load of 20 kg to 750 N for a static 
load of 50 kg. As was previously mentioned the upper arms of the latter reference 
subjects were hanging vertically. For a fully extended arms, Jager and Luttmann 
(1989), reported peak shear forces of up to 900 N when their subjects held a load of 
50 kg in static mode. Moreover, Karwowsky et al. (1994), reported static shear forces 
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for loads ranging from 1.13 to 45.14 kg, from 302 to 852 N, using the lifting 
guidelines established by NIOSH (1993). Dynamic lumbo-sacral shear force using 
sagittal plane whole human body models has not been investigated adequately in the 
literature, which makes it difficult to carry out direct comparison of the present· 
model output with others. If the shear force is compared with the compressive force, 
it can be observed that, shear force at the L5/S 1 disc is about 7 times smaller for all 
the loads simulated. Jager and Luttmann (1992) found that shear was smaller than 
compressive force by a factor of between 5 and 10 for loads of 10 to 40 kg during 
diagonal lifting. They reported shear force values of between 500 to 950 N for the 
aforementioned loads. 
5.5.4 Lumbar spine deformation analysis 
Unlike almost all the models presented in the literature, flexibility of the 
lumbar region was included in the present analysis. This has enabled the study of the 
transverse and shear deformation of the various discs and vertebrae in the lumbar 
region .. Focus is placed in this study on the deformation at the L5/S 1 region since it is 
known to have most attention in the research community. The stresses on the lumbar 
spine are reflected by disc deformation during the load lifting simulation. In figure 
5.12 the curves for the lumbar disc vertical displacements are shown for a lifted load 
of 20 kg. In chapter 3, section 3.6 the force deflection curves which were obtained 
from the finite element model of an isolated single motion segment were discussed. 
It was shown that the verticai d:splacements of the disc depended .on the force 
applied, the disc height, and the Young's Modulus of the disc. The curves shown 
here in figure 5. 12 indicate that the L2/L3 disc behaved as the least stiff and 
deformed more than the other disc levels in both the horizontal and vertical 
directions. One explanation why this disc is under higher stress, could be that the 
centre point of it lies almost in the horizontal plane, and hence, is under the highest 
compressive force at the end of the task. This may only be true for the spine 
configuration used in, the present model, and other spine configurations may place 
other discs in the highest stress. This could explain why the damage and 
degeneration of the vertebral levels differ from people to people and do not always 
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occur at one specific level. The disc level L41L5 was the stiffest of all and deformed 
very little. 
5.5.5 Component modes 
The total number of differential equations of motion of the human model has 
large dimension. This large dimensionality is due to the large number of elastic 
degrees of freedom required to model the flexible lumbar spine. The lumbar spine in 
the current model is discretized into 10 finite elements as mentioned in section 4.2 
and 5.4. This creates a large number of elastic nodal coordinates. It is necessary to 
reduce this number of elastic coordinates if a solution is to be obtained with a 
reasonable amount of computer time. In figure 5.13 a comparison between two, four 
and six mode solutions is made. The graphs in this figure give an indication of the 
expected loss in accuracy due to ignoring higher modes. It is worth noting that the 
simulation costs are related to the highest natural frequency retained in the model. 
Therefore, the simulation cost of six-mode solution is much higher than the four-
mode solution and the cost of four-mode solution is higher than the two-mode 
solution. 
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5.5.6 Pushing Model- L5/S1 compressive force 
The results of the pushing simulations are reported in figures 5.14-5.16. Curves 
for the L51S 1 compressive force versus time are plotted for the different masses 
handled. The trends of the curves show that during the pushing activity for the case 
considered, which is explained in section 5.3.2, the force on the lumbo-sacral joint 
increased with increase in the trunk flexion angle (see figure 5.14). This was 
expected and was true even when the pushed mass had a zero value (see figure 5.15), 
meaning that the upper extremity inertia during the bending action contributed in 
loading the back. 
To mimic the real situation during the pushing task, the subject has to 
simultaneously extend his arm and slightly bend forward to start the pushing activity. 
Since in the present model the pushed mass is represented by a mechanical link, 
which is connected to another mechanical link by a revolute joint (in this case the 
mass is connected to the lower arm-wrist joint), any movement of the lower arm-
wrist is transferred to the mass. The movement in the current model is initiated by 
giving an initial angular velocity to the trunk and the upper arm. This initial 
movement is transferred to the mass via the joints, which are connecting the various 
segments of the human body. As illustrated in the velocity - time curve in figure 
5.16, the pushed mass starts with a certain initial velocity, once the damping effects 
are overcome it moves with a constant velocity. Due to the constraint imposed by the 
joint between the wrist and pushed mass, a counter effect is initiated which cause the 
mass to decelerate leading to a full rest at the end of the task. The graphs of figure 
5.17 indicate that during pushing of various masses the compressive force on the 
L51S 1 joint steadily increased. This increase in the compressive force is not only due 
to the increase in the mass pushed but also due to the trunk flexion angle. Indeed, the 
effect of the mass pushed on the lower back loading is less significant than the effect 
due to the trunk tlexion angle as can be observed from figures 5.16 and 5.17. In 
figure 5.16 a mass of 50 kg is pushed, while the trunk in the first simulation flexed 
15° and then flexed 20° during the task execution. The difference in the compressive 
force on the L51S 1 due to the trunk flexion angle is clear. During pushing activities, 
most of the force is transmitted to the hands and shoulders. It is evident that the low 
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back is not seriously affected by the magnitude of the mass pushed. It can be 
observed that the increase in the compressive force never exceeded 1.8 kN, which is 
well below the NIOSH action limit of 3.4 kN. Very little research in this area is 
conducted in which L5/S 1 loading is investigated. Similar results were arrived at by 
Lee et al. (1984) who simulated a pushing and pulling of a cart using a human model 
that consisted of eleven· solid links. For the pushing simulation (for hand force of 
IOO-500N) Lee and his colleagues found that the compressive force on L5/S 1 
remained constant (below 2000N) irrespective of the mass pushed. This finding 
agrees with the current study result which show very little difference in the L5/S I 
loading even though the difference in the pushed mass is significant. The fact that the 
L5/S I compressive force remained constant (in Lee et al., investigation) give an 
indication that no matter how large the pushed mass, as long as one can exert a push 
force to initiate the movement its effect on the low back (L5/S I joint) is not 
significant. This might not be true for other segments of the human body system. 
Resnick and Chaffin (1996) also reported that Woldstad et al. (1988) predicted 
compression forces around 2.225 KN when masses of 81. 7 to 217.9 kg were moved. 
Although scientific research has paid little attention to pushing and pulling 
(Hoozemans et al., 1998) the current study indicates that the risk of back injury is 
much less when a mass is pushed rather than lifted and that much larger mass can be 
handled safely by pushing compared to lifting. 
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5.6 Conclusions 
A two-dimensional sagittal plane biomechanical link model of the whole 
human body was formulated and used to simulate a lifting and pushing of loads. The 
loads on the lumbar spine were quantified for the computer-simulated symmetrical 
posture manual tasks. To the best of the author's knowledge this was the first time 
that the multi-body system dynamic formulation was applied to a biomechanical 
model of a whole human body system. It was therefore, expected that some 
differences in the results be present , especially that the elastic effect of the lumbar 
spine on the dynamic response of the whole human body was considered. In general, 
the salient conclusions drawn from the lifting and pushing simulations were as 
follows: 
1- The LS/S 1 compressive force during the lifting of loads increased with the 
erection of the trunk (due to an increase in the load lever arm). 
2- Lifting of loads in excess 40 kg increased the compressive force on the LS/S I to a 
value which exceeded the maximum limit set by NIOSH. 
3- The most stressful posture during lifting was the near end posture. 
4- The results of the lifting tasks revealed that the torques at the LS/S 1 disc increased 
with the increase in the loads lifted and trunk angle, reaching their maximum just 
before the upright position of the trunk. The torque values decreased slightly towards 
the end of the task, due to the fact that in the upright position the load lever arms 
were shorter. 
S- The shear -force values during lifting peaked approximately half away through the 
activity after which they decreased steadily reaching their minimums towards the end 
of the activity. This was due to the fact that the shear force components decreased 
while the compressive force components increased as the trunk extended. 
6- It was observed that the largest deformation took place in the L21L3 disc level due 
to the fact the spine configuration used made this disc level be under the highest 
stress. 
7- The results of the pushing tasks revealed that the LS/S 1 compresslve force 
increased with the increase in the trunk flexion angle during the task execution. 
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Chapter Six 
6.0 Conclusions and Recommendations for Further Work 
This chapter summarizes what has been achieved and then outlines 
the conclusions and recommendations for further work. 
6.1 Summary 
Dynamic link models of a whole human body system have previously been 
developed. The whole human body system in most, if not all, of these models 
consisted only of rigid bodies (segments) that were connected at joints. Furthermore, 
in these models the segmental forces and moments were calculated and the equations 
of motion were solved for the separate segments, proceeding from segment to 
segment. The analysis either started from the feet or from the hand segment. The 
formulation in the latter approaches neither considered the inter-segmental inertial 
coupling nor the flexible and damping effects of the body segments. 
The focus in the current thesis was on the development of a dynamic model 
of a whole human system in which the lumbar spine flexibility and the coordination 
between the back and the remaining parts of the body segments are accounted for. 
, Rather than specifically developing a complicated formulation for a system 
that is as complicated as the human body, an alternative approach is the derivation of 
a formulation from an existing well established one. The formulation in the current 
work is derived from a multi-body system formulation that uses numerically formed 
equations of motion using a direct integration method. Multi-body system analysis 
has previously been successfully applied to mechanical systems, such as slider crank 
mechanisms, aircrafts, walking machines, robots, etc. 
The method has been applied successfully and for the first time in the current 
work to a whole human body model that consisted of rigid and flexible segments. 
Even though, a planar physical model is used, the formulation presented can be used 
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for models with complex geometry. The 3-D formulation presented here is readily 
reducible to 2-D and also reducible to only rigid bodies. With the current model it is 
possible to consider the elasticity of not only the lumbar region but also the whole 
spine including the cervical spine. In fact it is now possible to treat any segment of 
the human body as a flexible rather than rigid segment. Symmetrical and 
asymmetrical activities can be simulated. With the present model it is possible to 
represent any number of muscles and ligaments using as many springs and dampers 
as ligaments and muscles. The model also allows the use of a number of mechanical 
joints of different types such as revolute, prismatic or spherical joints. 
In the present investigation, a comprehensive set of reliable data for the 
whole thoraco-Iumbar spine was collated and presented in chapter two together with 
the representation of the material properties of the spinal elements. Inertial and 
geometrical data for the various segments of the whole human body were also 
collated and represented in chapter five and in Appendix C. 
6.2 Conclusions 
The objectives set out for this work are fulfilled, and the conclusions 
presented here are' based on the work carried out: 
A computer-based formulation for the dynamic analysis of an inertia variant 
spatial r.uman 'body system lias been presented. The implementation of the 
formulation was carried out through a 2-D sagittal human link model. In this model 
all the segments of the human body system were treated as rigid links except all the 
lumbar segments which were considered to be elastic. For computational efficiency 
the formulation allows for the use of component mode synthesis techniques in which 
the large number of elastic coordinates are reduced to a more manageable size. 
Although the results of the finite element model of a single motion segment were in 
agreement with the literature, they could only be taken as representing the behaviour 
of the disc in isolation from the remainder of the human body system. In this single 
motion segment model the results showed that the behaviour of the discs depended 
on their height and the modulus of elasticity of the annulus and ground substance. 
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The other finding from the single motion segment model was that the anterior part of 
the L5 vertebral body adjacent to the endplate were under the highest state of stress. 
In the 2-D sagittal model of the whole human body the trunk was divided into 
two parts, a rigid thorax and a flexible lumbar region. The kyphosis curvature of the 
thorax and the lordosis curvature of the lumbar region were also represented 
reasonably accurately by extracting the geometry of the whole spine from a number 
of reports. Also the mass of the trunk was calculated and distributed over its entire 
length by superimposing the spine (developed from dimensions obtained from 
published reports) over the trunk (also developed from dimensions obtained from 
literature using eT scan images). For the flexible lumbar spine elastic properties 
were taken from the tables collated and presented in chapter two. It was found that 
the Young's Modulus of elasticity value which was used for the isolated disc model 
was not suitable for the whole spine and that a higher value was required. This is of 
course due to the effect of the interactions of the elements surrounding the spinal 
column such as the ligaments, facets, muscles and soft tissues which all contribute to 
the stiffness of the spine. 
In using the model in a lifting simulation the compressive force on the lumbo-
sacral joint increased with the erection (extension) of the trunk. The steady increase 
was due to the fact that the simulated subject's arms were maintained in a fixed 
posture and as a consequence the distance from the load to the center of the US joint 
il)creitsed with trunk erection until near the end position where the distance slightly 
decreased. The results also indicated that for such a simulated case it became 
hazardous to lift loads of more than 20 kg. This indicates that in practice, and where 
possible, the arm position and distance from load center to the center of lumbo-sacral 
joint during lifting are critical and should be kept to a minimum. Similarly the 
torques on the US joint steadily increased with the load being lifted to an alarming 
value once the load lifted increased to more than 20 kg, bearing in mind that this 
torque is to be counter balanced by the erector spinae muscles with a small lever arm 
of between 5-7 cm. The shear force calculated for the simulated loads were smaller 
than the compressive force by a factor of 7. The dislocations and the ruptures which 
are usually found in patients complaining from low back pain are mainly caused by 
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the magnitude of the shear force (Hochsculer, 1990) imposed on the discs during 
lifting tasks. The results from the present study showed that the shear force peaked 
when the trunk was approximately 45-50· from the horizontal. This suggests that as 
the trunk extended the compressive force components decreased and the shear force 
components increased reaching their peaks in that orientation, after which the shear 
force components decreased and the compressive force components increased. 
The results of the deformation analysis indicated the highest deformation of 
the disc occurred at level L41L5 and the lowest deformation of the disc at level 
L21L3, but perhaps this is true only for the spine configuration used in the current 
study. In the current study the spine configuration is such that the center point of the 
disc level L21L3 is almost in a horizontal plane which expose it to the highest stress. 
In using the model in a pushing simulation the results observed showed that 
the compressive force on the LIS joint increased with the increase in the trunk 
flexion angle and pushed mass. Masses from 0 kg up to 450 kg were simulated and 
the value of the compressive force was always within the safe limit as far as injury to 
the disc is concerned. The pushing simulation indicated that for masses exceeding the 
capabilities of ordinary workers, pushing rather than lifting is to be adopted. 
From the above results it can be visualized that the method adopted in 
analyzing the activities simulated by the whole human body model can be easily 
extended and applied to walking, impact, and other models in a similar fashion that 
were applied to mechanical systems. 
6.3 Recommendation for further work 
The method developed in the present study was applied to a two-dimensional 
sagittal plane model that was simplified by rigid and flexible links whose inertial and 
geometrical properties were extracted from the literature. However, it can be applied 
to a more detailed three-dimensional model. This would give more realistic results 
since in real situations not all the activities are carried out in sagittal plane. Many 
tasks require the worker to simultaneously bend and twist to accomplish the activity. 
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In such activities the posterior elements of the spine play a significant role in 
carrying portions of the loads that are imposed on the spine. Inclusion of the spine 
posterior elements together with the rib cage in a future model would greatly enhance 
the results obtained. It would also be necessary to treat the cervical spine as a flexible 
part not as rigid as in the present model, especially, if car accidents are to be 
investigated where the subjects are exposed to impact loads. As was mentioned 
above in section 6.1 the method allows the use of springs and dampers, and in any 
future model the representation of muscles, ligaments and the intra-abdominal 
pressure effects by springs and dampers would enhance the modeling technique. 
Currently the spring and damper parameters that were used in the simulations 
had to be adjusted for different load handling which gave an indication that these 
parameters depended on the load lifted and posture. In some cases the spring and 
damper coefficients had to be simultaneously adjusted to complete the simulation 
which halted in the middle of the activity. It is therefore recommended that a proper 
set of constants be arrived at experimentally as well as using an alternative or 
additional spring configuration that could result in producing the right effect. It is 
worth considering torsion springs especially at the joints that articulate much more 
frequently during the task execution activities. Improper spring coefficients produce 
noise that can affect the model output this noise can be clearly observed in the plots 
offorces and torques. 
A more dynamic task execution model is the one that simulates the task while 
the subject is simultaneously carrying the load while walking. In any future work it is 
worth investigating the effect of load carrying on the biomechanics of walking to 
validate the method used here. 
As was mentioned previously during the course of this work the output of any 
model depends on the assumptions made, this is also the case in the current thesis. 
For instance, it was assumed that spinal element material properties were 
homogeneous and isotropic, where in fact not only the spinal segments materials are 
inhomogeneous, but also there exist differences among the various segments in their 
material properties as can be observed from tables 2.10 - 2.11. A model that 
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accounts for these factors would give a more reliable output result. Therefore, 
collation of a more comprehensive material property data similar to the data shown 
in tables 2.11 and 2.12 would improve the modeling technique. 
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APPENDIX A 
A.I.O L5 Vertebral Body Surface Nodal Coordinates 
The 3-D kidney shaped finite element model of the L5/S I motion segment is 
described in section 3.4. The x-y coordinates of the nodal points on the surface ofL5 
vertebra (figure 3.2B) are given below in table A3.0. This data together with the 
geometric parameters that are described in chapter two are used in constructing the 
geometry of the finite element model used in the analysis. 
21 17 
1 8 
Figure A3.0. L5 surface nodal points. 
Table A3.0. Coordinates of the L5 surface nodes 
Node X-Coord. Y-Coord. Node X-Coord. Y-Coord. 
# (mm) (mm) # (mm) (mm) 
I -25.5500 00.0000 16 14.0892 14.0892 
2 -23.6508 -06.3372 17 09.5553 16.5856 
3 -19.1743 -11.0703 18 04.1061 15.3242 
4 -14.0081 -14.0081 19 00.0000 14.3736 
5 -09.0444 -15.6654 20 -04.1050 15.3202 
6 -04.4205 -16.4974 21 -09.5708 16.5771 
7 00.0000 -16.7500 22 -14.0892 14.0892 
8 04.4205 -16.4974 23 -19.1743 11.0703 
9 09.0444 -15.6654 24 -23.6508 06.3372 
10 14.0081 -14.0081 25 -24.7500 00.0000 
11 19.1743 -11.0703 26 -22.8407 -06.1202 
12 23.6508 -06.3372 27 -18.4169 -10.6330 
13 25.5500 00.0000 28 -13.3977 -13.3977 
14 23.6508 06.3372 29 -08.6278 -14.9437 
15 19.1743 11.0703 30 -04.2110 -15.7157 
1&2 
Table A3.0. Coordinates of the L5 surface nodes (continued) 
Node X-Coord. Y-Coord. Node X-Coord. Y-Coord. 
# (mm) (mm) # (mm) (mm) 
31 00.0000 ·15.9499 80 02.8921 ·10.7936 
32 04.2111 ·15.7159 81 05.8483 -10.1295 
33 08.6276 ·14.9435 82 08.8705 -08.8705 
34 13.3977 -13.3977 83 11.7857 -06.8045 
35 18.4171 -10.6331 84 14.0890 -03.7751 
36 22.8406 -06.1201 85 15.0000 00.0000 
37 24.7500 00.0000 86 14.0890 03.7751 
38 22.8407 06.1202 87 11.7857 06.8045 
39 18.4169 10.6330 88 08.8705 08.8705 
40 13.4223 13.4223 89 05.8483 10.1295 
41 08.9748 15.5448 90 02.8921 10.7936 
42 03.8645 14.4224 91 00.0000 11.0000 
43 -00.0143 13.5705 92 -02.8921 10.7936 
44 -03.8634 14.4184 93 -05.8483 10.1295 
45 -08.9745 15.5443 94 -08.8705 08.8705 
46 -13.4222 13.4222 95 -11.7857 06.8045 
47 -18.4171 10.6331 96 -14.0890 03.7751 
48 -22.8406 06.1201 97 -11.0000 00.0000 
49 ·19.5611 00.0000 98 -10.2378 -02.7432 
50 -18.3203 -04.9089 99 -08.3947 -04.8467 
51 -15.2274 -08.7915 100 -06.1967 -06.1967 
52 -11.3877 -11.3877 101 -04.0292 -06.9788 
53 -07.4729 -12.9435 102 -01.9769 -07.3779 
54 -03.6856 -13.7550 103 00.0000 -07.5000 
55 00.0000 ·14.0058 104 01.9769 . -07.3779 
56 03.6856 -13.7550 105 04.0292 -06.9788 
57 07.4729 -12.9435 106 06.1967 -06.1967 
58 11.3877 -11.3877 107 08.3947 -04.8467 
59 15.2274 -08.7915 108 10.2378 -02.7432 
60 18.3203 -04.9089 109 11.0000 00.0000 
61 19.5611 00.000 lIO 10.2378 02.7432 
62 18.3203 04.9089 lI1 08.3947 04.8467 
63 15.2274 08.7915 112 06.1967 06.1967 
64 11.3877 11.3877 113 04.0292 06.9788 
65 07.8916 13.6686 lI4 01.9769 07.3779 
66 03.5122 13.1078 115 00.0000 07.5000 
67 00.0000 12.6570 lI6 -01.9769 07.3779 
68 -03.5122 13.1078 117 -04.0292 06.9788 
69 -07.8916 13.6686 118 -06.1967 06.1967 
70 -11.3877 11.3877 119 -08.3947 04.8467 
71 -15.2274 08.7915 120 -10.2378 02.7432 
72 -18.3203 04.9089 121 00.0000 00.0000 
73 -15.0000 00.0000 
74 -14.0890 -03.7751 
75 -11.7857 -06.8045 
76 -08.8705 -08.8705 
77 -05.8483 -10.1295 
78 -02.8921 -10.7936 
79 00.0000 -11.0000 
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A.2.0 Euler Parameters 
As mentioned in Chapter 4, Euler parameters have been used to represent the 
reference rotational degrees of freedom, to avoid singularity problems associated 
with Euler and Bryant angles. Detailed expositions on Euler parameters may be 
found in Nikravesh (1988) and Wittenberg (1977). Denoting Euler parameters for 
body i by B~, B:, B~, and B~, the transformation matrix from the body i coordinate 
system to the global coordinate system is given by 
2(B,B, - Bo(3) 
2(B; + B;) -I 
2(B,B3 + BoB,) 
(AI) 
where Bo = cos t, 8, = v, SIn t, 82 = v2 sin t, and 83 = V3 SIn t, and 
v = [v, V 2 V3 f = unit vector along the axis of rotation. 
(A superscript on a major bracket indicates that all variables or sub-matrices within 
are superscripted by that quantity, unless otherwise stated.) 
The four Euler parameters are required to satisty the following relation: 
(B2 + 8 2 + 8' + B')' -I o I 2 3 (A2) 
In the development of Chapter 4, derivatives of the matrix Ai with respect to 
Euler parameters are required. These derivatives are listed below. 
8 ]i , 
-8 2B~ (A3) 
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83l' 
-  o 
o 
(A.4) 
(AS) 
A~, =2[~ 
8\ 
(A.6) 
The matrices wmn = A;' A!" m,n = 0,1,2,3, in Equation (29) are given by 
. . 
[ 
82 + 82 o \ 
W 33 - 4 88 
- \ 2 
28\ 83 + 8l)2 
symmetric ]' 
1 + 3()2 _ 8 2 
o 3 
symmetriC]' 
8 2 + 8 2 3 0 
82 + ()2 
2 0 
28283 - 808\ 
symmetriC]' 
8 2 + 82 3 0 
. ]' symmetnc 
38 2 - 8 2 + 1 3 0 
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(A7) 
(AS) 
(A9) 
(AIO) 
wO' = W'OT = 4 
Bilz 
BoB, - BzB, 
2Bz + BZ o z 
2BoB, + B zB, 
4BoBz 
ZBo B, - B,Bz 
-ZBz _ BZ 
o z 
BoB, + B,Bz 
BoBz 
B,z +B; + I-B; 
B,Bz + BoB, 
B,B, -2BoBz 
BzB3 - 2BoB, 
o 
- BoB3 
- BoBz 
BzB3 - BoB, 
_Bz 
o 
The matrices zm in Equation (32), 
Z m = A;' A; 0. ' m = 0, 1, 2, 3 
are given by 
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(A.ll) 
(A. 12) 
(A.l3) 
(A. 14) 
(A. IS) 
(A. 16) 
(A. 17) 
[ 
20,(0; +0,2) 
Z2 = 2 -2fJo02fJ, +0,(20; ~1) 
20,020, - 00 (l + 202 ) 
200fJ,02 + 0, (1 + 2fJ;) 
200 (0; + Oi) 
2fJofJ/J, - 0, (1 + 20;) 
2fJ.o.fJ, + 02(2fJ,2 -1) 
2fJo(0~ + 0,') 
2fJ.o.fJ, + 0o(l + 2fJ,2) 
2fJOfJ20, + 0, (1 + 2fJ;) 
2fJ2 (fJ; + Oi) 
-20.0.02 +O,(1+20i) 
20,fJ2fJ, + Oo(l + 2fJ;) 
2fJ,(0; + Oi) 
- 2000,0, + O2 (20; -1) 
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(A. 18) 
(A. 19) 
(A.21) 
APPENDIXB 
B.l.0 Three Dimensional Beam Element 
In order to perform coordinate transformation from the element coordinate 
system to the body coordinate system, the rotation matrix Cif (see Equation 5) is 
required. Direction cosines for the X if , yif, Zifaxes can be found directly by 
geometrical considerations. An alternate approach involves successive rotation of 
axes (Gere and Weaver, 1965). 
Let (x;i, yf, zf) and (xL yg, zn be the location of the nodes of element 
ij . . The transformation matrix from the element axis to the body fixed coordinate 
system is given by (Gere and Weaver, 1965) 
C. 
Cif = Cy 
C, 
where 
C.Cy -C, 
~C' +C' . , JC 2 +C 2 x , 
. JC 2 +C 2 . , 0 
CyC, C. 
~C' +C' . , Jc' +C' . ,
Cif y 
yg - yf 
lif 
ij 
and lif is the length of element ij, given by 
(B.l) 
It can be verified that the matrix Cif IS orthogonal, a property that is utilized 
throughout the development in chapter 4. 
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The preceding transformation Cif is valid for all positions of the element, 
except when the e1ementy if axis coincides the body y' axis (Gere and Weaver, 
1965). In this case, the transformation matrix C·· is given by 
-C y 
o (8.2) 
o 
Considering rotations at the nodes to be infinitesimal with respect to the body-fixed 
coordinate system, the same matrix C·· can be used to transform rotations from 
element ij axes to the ith body-fixed coordinate system. That is, the matrix C if (see 
Equation 5) is given by 
C 0 0 o ij 
Cif = 0 C 0 0 
C (8.3) 0 0 0 
0 0 0 C 
where Cif is given in Equation (8.1) or Equation (8.2), depending on the orientation 
of the element, with respect to the body-fixed coordinate system. The shape function 
of beam element ij is given by 
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t/JijT = 
where 
1-'; 0 
6('; _';2)q 1- 3';2 + 2S'3 
6('; _';2).; 0 
0 - (1-';)lS' 
(1- 4'; + 3';2 )IS' 0 
(-1 + 4';-3.;2)lq (.; _ 2';2 +';3)1 
.; 
6(-'; +';2)q 
6(-'; +';2).; 
0 
(-2.; +3';2)1S' 
(2.; - 3';2)lq 
.. yij 
"-q-/ij' 
0 
3';2 _ 2';3 
0 
-I';S' 
0 
(_.;2 _';3)1 
0 if 
0 
1-3';2 + 2.;3 
- (l-';)lq 
(_';+2';2 _';3)1 
0 
0 
(B.4) 
0 
3';2 _ 2';3 
-I';q 
W _.;3)1 
0 
The mass and stiffness matrices of element ij, given with respect to the element axis, 
are 
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ij 
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(B.5) 
EA if 
-, 
0 12EI, 
-,,-
0 0 
12Ely 
" 0 0 0 CJx 
/ 
0 0 
6Ely 0 4Ely Symmetric -7 / 
0 6EI, 0 0 0 4EI, p- /' I ff- EA AE 
-- 0 0 0 0 0 
-/ / 
- 0 
12EI, 
0 0 0 6EI, 0 12EI, \Cl --,,-
-I' -/,-N 
0 0 
_ 12Ely 
0 
6Ely 0 0 0 12Ely P 7 /' 
0 0 0 _ CJxx 0 0 0 0 0 CJx / / 
0 0 _ 6Ely 0 2Ely 0 0 0 6Ely 0 4Ely /' / /' / 
0 6EI, 0 0 0 2EI, 0 6EI, 0 0 0 4EI, -/-,- / -I' / 
(B.6) 
moment of area about the Xij yij Z" axes; modulus of elasticity, and the modulus 
of rigidity of element ij, respectively. The shape function for element ij can be 
written as 
[R'"] ?" = ~ (B.7) 
where Rf, k =1, 2, 3 are the rows of rjJij. The following matrices are required in the 
development of the mass matrix of element ij in Chapter 4: 
k,l = 1,2,3 (B.8) 
where 
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m 
3 ij 
Q"I 61,1 
2 5 Q,I 6/",1 61"1 
2 5 5 0 0 0 0 
Q,I' 
_ 1",1' I I' 2/ I' 
--'- 0 
-"- Symmetric 12 10 10 15 
Q"' I I' I,." _ 2/",1' 2/ I' 
-'- ') 
-L U T J" 2 10 10 15 15 v pR, R,dV = 
_ Q.I' IQ, Q(I 
_ Q(I' I'Q. m 0 12 2 2 12 12 3 
- m 
_ 61.,1 
_ 61",1 1,,1' 1'1 
_IQ" 611, 
\0 
0 
---' 
.. 
6 5 5 10 10 2 5 
_ Q"I 
_ 61",1 
_ 61"1 I I' 
_ 1'1", 
_ Q,I 611., 6lI • 0 • 2 5 5 10 10 2 5 5 0 0 0 0 0 0 0 0 0 0 
_ Q,I' 
_ 1",1' I I' I I' 
_ 1'1", Q,I' 1",1' I " 21 I' --"- 0 --"- _.- 0 
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0 if 
0 l3m 
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Ilml I' ml' 
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VI 0 
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0 0 13m 
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The variables Q" Q" IV Iij I!, are defined as 
"","." 
Q% = [fA 117 d4 f 
Q! = ~A Is d4f 
1% = ~A Is2 d4f 
I%~ = ~A 117s d4 f 
The mass matrix st in Equation (25) is given by 
'iz 0 0 
IQ" 'iz 0 
IQ, 0 'iz 
0 -~Izk, -~Iz\" 
0 0 _mj,{ 12 
0 mj,{ 0 
st = Iv" p" IjJ"' dVij = 12 
'iz 0 0 
-Qi 'iz 0 
-Q,I 0 'iz 
0 -~Izb, -~Iz\" 
0 0 m}{ 12 
0 _mj,{ 12 0 
200 
(B.15) 
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Table CS.I. Whole Human Body Segment Lengths Proportions. 
Segment Length / Body Stature (% age) 
Chandler Qu-gand Plagenhoef Average Segment Name End Points et al. Chaffin et al. 
(1975) (1975) (1983) Values 
Hand Wrist to Knuckle 4.76 5.43 5.75 5.31 
Lower Arm Elbow to Wrist 15.17 15.60 15.70 15.49 
Upper Ann Shoulder to Elbow 19.45 17.32 17.20 17.99 
Lower Arm & Hand Elbow to Wrist 19.93 21.03 21.45 20.80 
UpperExtrenUty Shoulder to Wrist 39.38 38.35 38.65 38.79 
Foot Ankle to Ball of 4.25 4.25 FOOl · · 
Lower Leg Knee to Ankle 21.86 23.75 24.70 23.44 
Upper Leg Hip to Knee 26.49 26.73 24.70 25.47 
Lower Leg & Foot Knee to Ball of Foot 
· · 
. 27.69 
Lower Extremity Hip to Ankle 
· · 
53.65 53.16 
Trunk Shoulder to Hips 38.60 36.09 30.00 34.90 (shoulder 10 hips) 
Head & Neck Ear Canal \0 C7rrl 12.Q4 
· 
10.75 11.40 
Trunk Plus Head & Ear Canal to Hips 50.64 41.35 46.30 Neck · 
Thorax (incl. shJds) C7rrl \0 TI2/LI 
· (C7rrllo Tl2/LI) · 12.70 12.70 
Abdomen Tl2/LI \0 LlISI 
· · 
8.10 8.10 
Pelvis LS/Sl to Hips 
· 
7.04 9.30 8.17 
Abdomen & Pelvis T12/Uto Hips 
· · 
17.40 17.40 
Table CS.2. Segmental Anthropometrical and Inertial Data used in the Model. 
----~. , 
Total Body Mass of the Model Subject = 75 Kg. 
Total Body Height of the Model Subject (Stature) = 1.80 m 
Segment AduaI Segment Actual Moment Radius Centre of 
l.ength/ Seg. Mass! Segment of Of Mass 
Link Link Name Total Length Tool Mass Inertia Gyration! 10 No. Body Body Segment Proximal 
Height Mass ~ End (%) (m) (%) (Kg) (Kg m') (m) 
I Ground 0 0 0 0 0 0 0 
2 Two Lower Le~ + Feet 27.69 0.4984 5.93 4.448 0.1912 0.416 0.2163 
3 Two Upper Legs 25.47 0.4585 10.19 7.643 0.1676 0.323 0.1985 
4 Massless Body 0 0 0 0 0 0 0 
5 Pelvis 8.17 0.1471 15.65 1l.738 0.1086 0.654 0.0736 
6 Lumbar Spine 8.10 0.1793 13.48 10.00 0.0287 0.297 0.0896 
7 Lower Thoracic Spine 12.70 0.1l43 21.00 
7.875 
0.1536 
. 0.0572 
8 Upper Thoracic Spine O.1l43 7.875 . 0.0572 
9 Two Upper Arms 17.99 0.3238 5.76 4.32 0.0470 0.322 0.1411 
10 Two Lower Arms + Hands 20.80 0.3744 2.32 3.48 0.1068 0.468 0.2535 
II Head and Neck 11.40 0.2052 7.89 5.918 0.061 0.495 0.0889 
12 LoadLiI\ed 10 Kg, 20 Kg, 30 Kg, 40 Kg and 50 Kg 
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Table CS.3. Whole Human Body Segment Mass Proportions. 
Segment Mass / Total Body Mass (% age) 
Dempster Clauser Chandler Garg Winter Plagen- Aver-
Segment Name End Points etaJ. etal. and hoef Chalfm etal. age 
(1955) 11969) 11975) 
_ {l97~ _(l99()) .<19831. Values 
Hand Wrist to Knuckle 0.60 0.65 0.59 
-
0.60 0.65 0.62 
Lower Ann Elbow to Wrist !.S5 1.61 1.69 
-
1.60 1.87 1.66 
Upper Ann Shoulder to Elbow 2.65 2.63 2.86 3.10 2.80 3.25 2.88 
Lower Ann & Elbow to Wrist 2.15 2.26 2.28 2.50 2.20 252 232 Hand 
UpperExu.mity Shoulder to Wrist 4.80 4.89 5.14 5.60 5.00 5.77 5.20 
Foot Ankle to BaD of 1.40 1.47 1.28 1.60 1.45 1.43 1.44 Foot 
LoworLeg Knee to Ankle 4.50 4.35 4.11 4.60 4.65 4.75 4.49 
Upper Leg Hipto Knee 9.65 10.27 10.20 10.50 10.00 10.50 10.19 
Lower Leg & Foot Knee 10 Ball of 5.90 5.82 5.39 6.20 6.10 6.18 5.93 Foot 
Lower Extremity Hip to Ankle 15.55 16.09 15.59 16.70 16.10 16.68 16.12 
TlUnk Shoulder to Hjpa 56.50 50.70 52.16 49.70 55.10 52.83 (shoulder to hipa) -
Head Top of Head to 
-
7.28 ChenlNeck Ut!. 6.12 -
. 
-
6.70 
Head & Neck Ear Canal to 7.90 7.28 8.10 8.26 7.89 C7ffl 
. . 
Tnmk Plus Head & Ear Canal to Hipa 64.40 57.98 58.28 55.40 57.80 58.77 Neck 
. 
Thorax (ine!' mlds) C7ffl to Tl2IU 21.30 
- - -
21.60 20.10 21.00 (C7ffl to Tl2IL1) 
Abdomen Tl2ILI toWISI 
- - - -
13.90 13.06 13.48 
Pelvis U/S 1 to Hips 
- - -
19.10 14.20 13.66 15.65 
Abdomen & Pelvis Tl21L1 to Hips 26.40 
- - -
28.10 26.72 27.07 
Trunk Plus Head 
&NeckAbove 
- - - -
36.30 
-
. 36.30 
1.51S1 Disc 
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Table CS.4. The two dimensional coordinates of the centres and end points of the 
discs and vertebrae of the whole thoraco-Iumbar vertebral column: 
Coordinates of the end points the central N 
o Vertebral 
d Level 
• The Dimensions of the vertebrae and discs are derived from the results published by several authors 
(see tables 2.2 - 2.10 of chapter 2). The inteIVertebral colwnn is similar to that ofChaffin (1969). 
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Table CS.S. Geometrical Parameters ofa Thoraco-Lumbar Vertebral Column. 
Element Vertebral Mean Width Mean Depth Mean Height 
Number Level VBWMean VBDMean VBHMean 
1 T1 Vertebra 26.67 18.03 16.66 
2 Disc " " 3.62 
3 T2 Vertebra 29.00 19.58 17.41 
4 Disc " " 2.94 
~ T3 Vertebra 2~.~7 21.73 17.89 
6 Disc " " 2.98 
7 T4 Vertebra 2~.2~ 23.90 18.41 
8 D;'" " " 233 
9 T~ Vertebra 2~.9~ 2M~ 18.77 
10 Disc " " 2.4~ 
11 T6 Vertebra 26.72 24.92 19.1~ 
12 Disc " " 3.03 
13 T7 Vertebra 30.28 27.73 19.30 
14 Disc " " 3.34 
IS T8 Vertebra 30.00 28.6~ 19.88 . 
16 D;'" " " 4.09 
17 T9 Vertebra 31.88 29.46 20.86 
18 D;'" " " 3.~9 
19 no Vertebra 33.65 3U5 22.43 
20 Disc " " 3.59 
21 Tll Vertebra 37.00 31.8~ 23.28 
22 Disc " " S.~O 
23 T12 Vertebra 38.73 31.29 24.19 
24 D;'" " " ~.96 
25 Lt Vertebra 43.17 32.21 26.12 
26 Disc " " 836 
27 1.2 Vertebra 46.14 33.43 27.22 
28 D;'" " " 9.03 
29 1.3 Vertebra 47.00 33.~9 27.17 
30 Disc " " 10.Q1 
31 lA Vertebra 48.85 34.11 27.42 
32 D;" " " 11.75 
33 L5 Vertebra 50.78 34.10 26 
34 Disc " " 11.18 
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Table CS.6. Vertebral Column Segmental Volumes and Masses 
(p __ - 2000 Kg/m' ; P ( •• , = 1342 Kg/m' ) 
El. Vertebral 
# Level 
Cross-Section 
(II/4 VBWxVBD) 
Segment 
Central 
Height 
205 
Segment 
Volume 
Table CS.7. Trunk Slice Volumes and Masses. 
'Values are derived from Erdmann (1997). 
b Slice heights are calculated based on the assumption that a transverse plane is placed at the base of 
each vertebra and disc and that vertical heights are measured from this plane which is perpendicular to 
both frontal and sagittal planes. 
'p = 1030 Kg/m' from Dempster (1955). 
d P = 853 Kg/m' from Chandler et al. (1975) . 
• P = 1019 Kg/m' from Takashima et al. (1979). 
f P = 967.3 Kg/m' Average of the above three values. 
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Table CS.S. Modulus of elasticity (E) of various elements of a motion segment (MPa). 
~ 8e1yts- Hakim Shirazi Rao and Lavaste Dietrich Kasra Goel Robin Shanna Goel Wuand Acgouhi chko and ·Adl Dum .. eta!. et al. et al. etaL eta!. etal et al. Ch .. And et al. King et al. Shirazi .. Ad! Element (1974\ (1979\ (1986\ (1991\ (1992) (1992\ (1992\ I (1993\ (1994\ (1995) (1995\ (1996)' (1996) 
Ex Ex -Ey 
Cortical Shell 15794 11030 12000 
=Ey= 12000 = 12000 12000 12000 12000 12000 330 10000 
11300 11300 
Ez= Ez-
22000 22000 
2410. Ex-Ey Ex=Ey'" 
Cancellous 73.6 1520. 100 -140 100 140 100 100 100 100 100 17.5 100 
Bone 760 Ez= Ez - 200 
200 
Endplatc 23.8 
· 
24 23.8 500 23.8 24 · 500 25 · 330' 5 
Bulk 
· · · · · 
Er =9.5· 
· · · · · 
1.42 2.5 
Annulu 
· · 
4.2 
· 
2 E =6.823 4.2 4.2 2 4.2 4.2 
· · 
Matrix 83 
· · 
1000 500 Ez-6.086 
· · 
500 
· 
450 
· · Fibres 
Nucleus 
· · · · 
4 0.1 
· 
0.13 4 0.2 1 0.02012 1.S 
Cortical Shell 
&hony 16100 
· · · · · · · · · · 
330 
· 
endplate 
Cortical Shel~ 12480. 
Endplate and 
· 
12480, 
· · · · · · · · · · · Processes 8620 
Cortical Shell, 12480. 
CaceIlous 
· 
12480. 
· · · · · · · · · · · Bone and 8620 
Endplate 
Posterior 
· · 
3500 
· 
1000 
· · 
3500 1000 3500 3500 3500 
Elements 
· 
Ligaments 
· · · · 
10 20 
· · · · 
11 
· · 
Facets 
· · · - - · - · ---.- · 
10 
· · · 
330 
· ~ --- - - - - - -
a - derived values. b - values are for cervical spine. • - Young's Moduli in the direction of and transverse to fibres. 
Yogan. Kong 
andan et al. 
et al. 
(1997)' (1998) 
10000 12000 
100 100 
50.500. 
· 
1500 
· · 1.7.3.4.6.8 4.2 
· 
550.357.5 
0.34 1.326 
· · 
· · 
· · 
· 
3500 
· 
11 
· · --
;-------------------------------
Appendix 0 
0.1.0 Introduction 
The dynamic analysis of the human body system is carried out using a 
Multibody Dynamics package called DAMS (Dynamic Analysis of Multibody 
Systems). This powerful program has the capability of analyzing both kinematics as 
well as dynamics analysis. Different mechanical components such as springs, 
dampers and actuators that can represent the muscles, tendons and ligaments are 
allowed by the program to be included. Also different types of joints (revolute, 
prismatic and rigid) are allowed by the program to be included in the human body 
model. What makes this program powerful is the fact that several user supplied 
subroutines are available that can be modified according to the required simulation. 
Shown below are samples of input data and Fortran subroutines that are used 
in the pushing simulations. These subroutines are embedded in the DAMS program 
and are modified by the user according to the required simulation. The main 
processor input data file also includes the data for the flexible lumbar spine. These 
data are generated using a finite element pre-processor. The output from the pre-
processor are mode locations (MLOC), initial modal displacements (DlSP), initial 
modal velocities (VELC), modal transformation matrix (MDAL), modal mass matrix 
(MASS), modal stiffness matrix (STIF), and modal force matrix (FORC). 
0.1.1 Sample input data file for a Pushing Simulation 
LBEL 1 
PUSHING MODEL WITH FLEXlBILE LUMBAR SPINE 
SYSD 2 
A 013 
B 0 l.OOOE-02 O.OOOE+OO 2.000E+OO l.OOOE-02 O.OOOE+OO O.OOOE+OO 
LINK 12 1 
1 1 
1 2 
2 1 
2 2 
3 1 
3 2 
4 1 
4 2 
S 1 
S 2 
6 1 
6 2 
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOEt{)() O.OOOE+OO 
000 O.OOOEt{)() O.OOOE+OO O.OOOE+OO O.OOOEtOO O.OOOEtOO O.OOOEtOO 
4.47SEtOO 1.912E-Ol O.OOOEt{)() O.OOOEtOO O.OOOEtOO 
000 1.820E-02-7.0S0E-OI 8.S00E+OI O.OOOEtOO O.OOOEt{)() O.OOOEtOO 
7.643EtOO 1.676E-OI O.OOOEt{)() O.OOOEtOO O.OOOEtOO 
000 2.000E-02-2.284E-OI 9.S00E+OI O.OOOEtOO O.OOOEtOO O.OOOEtOO 
O.OOOEtOO O.OOOEt{)() O.OOOEtOO O.OOOEtOO O.OOOEtOO 
000 O.OOOEtOO O.OOOEtOO O.OOOEtOO O.OOOEtOO O.OOOEtOO O.OOOEtOO 
1.174EtOl l.086E-OI O.OOOEtOO O.OOOEtOO O.OOOEtOO 
00 0-2.S20E-02 6.910E-02 l.lOOE+02 O.OOOEtOO O.OOOEt{)() O.OOOEtOO 
l.OOOEtOl 2.870E-02 O.OOOEt{)() O.OOOEtOO O.OOOEtOO 
100 O-S.030E-02 2.279E-Ol 9.000EtOl O.OOOEtOO O.OOOEtOO O.OOOEt{)() 
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7 I 
7 2 
8 I 
8 2 
9 I 
9 2 
101 
10 2 
11 I 
11 2 
12 I 
12 2 
CNST 5 
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 
7.87SE+OO 3.840E-02 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
00 0-6.020E-02 3.738E-OI I.OOOE+02 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
7.875E+OO 3:840E-02 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
00 0-6.020E-02 4.864E-OI8.000E+OI O.OOOE+OO O.OOOE+OO O.OOOE+OO 
4.320E+OO 4.700E-02 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
000 3.060E-02 4.024E-O1-6.000E+OI O.OOOE+OO O.OOOE+OO O.OOOE+OO 
3.480E+OO I.068E-OI O.OOOEf.oo O.OOOE+OO O.OOOE+OO 
000 2.0S2E-OI 4.244E-OI 6.000E+OI O.OOOE+OO O.OOOE+OO O.OOOE+OO 
5.918E-016.110E-02 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
00 0-5.030E-02 6.453E-OI 9.000E+OI O.OOOE+OO O.OOOE+OO O.OOOE+OO 
I.OOOE+04 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 
000 2.988E-OI 5.865E-OI O.OOOE+OO-S.OOOE+OO O.OOOE+OO O.OOOE+OO 
I I 0 0 O.OOOE+OO 
O.OOOE+OO 
O.OOOE+OO 
S.86SE-OI 
O.OOOE+OO 
2 4 0 Y 
3 4 0 PH 
4 12 0 Y 
5 12 0 PH 
RVLIIO 
I I 2 
223 
334 
435 
589 
6 910 
7 10 12 
878 
9 811 
-3.500E-03-9.S33E-O 1-2.492E-OI O.OOOE+OO 
2.492E-OI O.OOOE+OO-2.293E-OI O.OOOE+OO 
2.293E-OI O.OOOE+OO O.OOOE-OI O.OOOE+OO 
2.293E-OI O.OOOE+OO-7.35SE-02 O.OOOE+OO 
5.71SE-02 0.OOOE+OO-1.619E-OI O.OOOE+OO 
1.619E-OI O.OOOE+OO-1.872E-OI O.OOOE+OO 
1.872E-OI O.OOOE+OO O.OOOE+OO O.OOOE+OO 
5.7I5E-02 0.OOOE+OO-S.7I5E-02 O.OOOE+OO 
5.7I5E-02 0.OOOE+OO-1.026E-OI O.OOOE+OO 
10 6 7 
RODI I 
11 8.96SE-02 0.OOOE+OO-S.7ISE-02 O.OOOE+OO 
156 I 7.35SE-02 O.000E+OO-8.96SE-02 O.OOOE+OO 
LSDA 4 
I I 2 3 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 
I 200 1.200E+07 6.000E+04 4.766E-OI O.OOOE+OO 
2 I 6 76 O.OOOE+OO 5.000E-02 O.OOOE+OO 5.000E-02 
2 200 4.500E+04 5.500E+04 1.375E-OI O.OOOE+OO 
3 I 7 8 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 
3 200 1.000E+075.000E+03 1.126E-OI O.OOOE+OO 
4 I 8 11 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 
4 200 8.000E+073.000E+03 1.592E-OI O.OOOE+OO 
5 I 4 5 -2.520E-02 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
5 200 8.000E+07 l.500E+04 6.91OE-02 O.OOOE+OO 
MODL I 
I 33 6 I 2 
MLOC 
-.563982E+03 -.236888E+03 .148651E+03 .221038E+03 -.905492E+02 "!09871E+04 
-.455000E-02 .324600E-02 .OOOOOOE+OO .455000E-02 -.324600E-02 .OOOOOOE+OO 
.292400E-OI-.130100E-OI .OOOOOOE+OO .409800E-Ol -.135100E-Ol .OOOOOOE+OO 
.682800E-OI-.161100E-OI .OOOOOOE+OO .783300E-OI -.156000E-OI .OOOOOOE+OO 
.I05400E+OO -.129400E-OI .OOOOOOE+OO .1l4300E+OO -.1l8500E-OI .OOOOOOE+OO 
.141000E+OO -.6S4100E-02 .OOOOOOE+OO .149300E+OO -.S07800E-02 .OOOOOOE+OO 
.174800E+OO .S79000E-03 .OOOOOOE+OO 
DISP 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
VELC 
.OOOOOOE+OO :OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
MDAL 
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.OOOOOOE+OO .OOOOOOE+OO .101491E-03 -.294051E-04 -.200588E-04 .999824E-04 
-.360505E-04 -.202255E-04 .992877E-04 -.1l4368E-03 -.224483E-04 .903390E-04 
-.122237E-03 -.207444E-04 .893893E-04 -.181266E-03 -.168864E-04 .823824E-04 
-.187222E-03 -.140808E-04 .817066E-04 -.224330E-03 -.882314E-05 .786006E-04 
-.227717E-03 -.599664E-05 .783357E-04 -.246040E-03 -.211992E-05 .776139E-04 
-.246677E-03 .OOOOOOE+OO .77580IE-04 .OOOOOOE+OO .OOOOOOE+OO -.286947E-03 
.366982E-04 .235710E-04 -.286457E-03 .443128E-04 . 195104E-04 -.286424E-03 
.862276E-04 . 179255E-04 -.288130E-03 .874072E-04 . 10 1654E-04 -.288677E-03 
.556576E-04 .884536E-05 -.294751E-03 .482534E-04 . 158324E-05 -.295544E-03 
-.157284E-04 .676817E-05 -.300 133E-03 -.253588E-04 .439035E-06 -.300575E-03 
-.749482E-04 .667935E-05 -.301893E-03 -.795462E-04 .OOOOOOE+OO -.301954E-03 
.OOOOOOE+OO .OOOOOOE+OO .370894E-04 -.441164E-04 -.311272E-04 .397790E-04 
-.475065E-04 -.314669E-04 .417112E-04 -.149944E-04 -.294094E-04 .743702E-04 
-.101l86E-04 -.268537E-04 .790592E-04 .425133E-04 -.285283E-04 .1l9313E-03 
A51087E-04 -.254872E-04 .124123E-03 .278952E-04 -.221539E-04 .150815E-03 
.226930E-04 -.169369E-04 .153764E-03 -.366050E-04 -.515871E-05 .165274E-03 
-A08056E-04 .OOOOOOE+OO .166007E-03 .OOOOOOE+OO .OOOOOOE+OO .873826E-04 
-.309419E-04 -.212709E-04 .900221E-04 -.31445IE-04 -.192299E-04 .917875E-04 
A03445E-04-.149365E-04 .1l9560E-03 Al4423E-04 -.1l5214E-04 .123014E-03 
-.331949E-05 -.788250E-05 .148955E-03 -.848158E-05 -.330288E-05 .151818E-03 
-.369087E-04 .159693E-05 .166612E-03 -.337667E-04 .556781E-05 .168139E-03 
.253093E-04 -.342628E-05 .173513E-03 .298329E-04 .OOOOOOE+OO .173816E-03 
.OOOOOOE+OO .OOOOOOE+OO A41039E-04 .551951E-05 .433320E-05 A21909E-04 
A15113E-05 .482195E-05 .410058E-04 -.280398E-04 .382605E-05 .222463E-04 
-.250765E-04 A68249E-05 .197392E-04 Al8835E-04 . 137878E-05 -.1l5491E-05 
A06332E-04 .143370E-05 -.387599E-05 -.333598E-04 .103874E-04 -.203440E-04 
-.356647E-04 .102599E-04 -.222107E-04 .1l7318E-04 .168917E-05 -.296314E-04 
.159036E-04 .OOOOOOE+OO -.30 11 33E-04 .OOOOOOE+OO .OOOOOOE+OO A41I36E-03 
-.134948E-04 -.566313E-05 .424608E-03 -.l69165E-04 .336750E-05 A14592E-03 
-.137785E-05 .797330E-05.249432E-03 .276566E-05 .148588E-04 .224657E-03 
.105052E-05 .160911E-04 .l22049E-05 .597638E-06 . 157812E-04 -.273024E-04 
.448945E-05 .143104E-04 -.194337E-03 .387845E-05 .882081E-05 -.213219E-03 
-.810910E-05 .884392E-05 -.287245E-03 -.161435E-05 .OOOOOOE+OO -.291870E-03 
MASS 
.318708E-05 .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .369796E-06 .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .177537E-06 .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .965976E-07 .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .682316E-07 .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .170792E-07 
STIF 
.100000E+OI .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .IOOOOOE+OI .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .100000E+01 .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .IOOOOOE+OI .OOOOOOE+OO .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .100000E+OI .OOOOOOE+OO 
.OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .OOOOOOE+OO .100000E+OI 
FORe 
.463156E-02 .150236E-Ol .OOOOOOE+OO A76724E-03 -.195197E-02 .OOOOOOE+OO 
.126774E-02 A764lIE-03 .OOOOOOE+OO AOl843E-03 .272697E-03 .OOOOOOE+OO 
-.404142E-03 .860594E-04 .OOOOOOE+OO -.103318E-02 .389667E-03 .OOOOOOE+OO 
-.152637E-02 -.470666E-03 .197573E-03 -A90253E-04 -A991I7E-04 -.128670E-03 
-.276529E-04 -.407507E-04 -.993768E-05 A08985E-04 -.396407E-04 .104575E-03 
.555762E-24 .357985E-08 -.286023E-07 -.580203E-08 .729409E-08 .168755E-07 
-.357985E-08 .904729E-25 .723649E-08 .422351E-08 -.IO0924E-08 -.309553E-08 
.286023E-07 -.723649E-08 -.106629E-24 -.860293E-09 .257158E-09 -.666918E-09 
.580203E-08 -.42235IE-08 .860293E-09 -.581611E-25 .413818E-09 .432079E-09 
-.729409E-08 .IO0924E-08 -.257158E-09 -A 138 18E-09 .383702E-25 -.612945E-1O 
-.168755E-07 .309553E-08 .666918E-09 -.432079E-09 .612945E-1O -.3231 17E-26 
210 
-.232900E-04 .923531E-05 -.I47904E-04 -.275536E-05 .377144E-05 .S596S2E-05 
END 
D.l.2 Sample Fortran subroutines for a pushing simulation 
REAL MYFORCE,TOLD 
OPEN (4, FILE='JUNKl' ) 
PRINT-,'ENTER THE INPUT FILE NAME:' 
OPEN (5, FILE=' , ) 
OPEN (6, FILE='JUNK2' ) 
OPEN (7, FILE='YEW12.TXT') 
OPEN (8, FILE='LINK3.TXT ') 
OPEN (9, FILE='LINK4.TXT ') 
OPEN (lO,FILE='LINK5.TXT ') 
OPEN (1I,FILE='LINK6.TXT ') 
OPEN (12,FILE='LINK7.TXT ') 
OPEN (13,FILE='LINKS.TXT ') 
OPEN (14,FILE='LINK9.TXT ') 
OPEN (15,FILE='LINKIO.TXT') 
OPEN (16,FILE='LINKll.TXT') 
OPEN (17,FILE='ACC.TXT') 
PRINT-, 'THE NAME OF THE FILE YOU WISH TO SA YE THE C.FRC IN:' 
OPEN (20,FILE=' ') 
PRINT-, 'THE NAME OF THE FILE YOU WISH TO SA YE THE FORCES IN:' 
OPEN (3I,FILE=' ') 
PRINT-,'THE NAME OF THE FILE YOU WISH TO SA YE THE NODAL LOC. IN:' 
OPEN (21,FILE=' ') 
C OPEN (22,FILE='DEFORM04.TXT') 
C OPEN (23,FILE='DEFORM05.TXT') 
C OPEN (24,FILE='DEFORM06.TXT') 
C OPEN (25,FILE='DEFORM07.TXT') 
C OPEN (26,FILE='DEFORMOS.TXT') 
C OPEN (27,FILE='DEFORM09.TXT') 
C OPEN (2S,FILE='DEFORMIO.TXT') 
C OPEN (29,FILE='DEFORMll.TXT') 
CALLFRAM2D 
STOP 
END 
C*************************************************************************** 
SUBROUTINE FRAM2D 
COMMON/SAGEDIHOF(SOO),IHOF(SOO),ICOUN 
DIMENSION A(lOOOO) ,IA(IOOOO) 
NMAX=IOOOO 
MMAX=IOOOO 
NTAPE=4 
DO 100I=I,MMAX 
lOO IA(I)=O 
CALL ST ARTR(A,NMAX,IA,MMAX,NT APE) 
STOP 
END 
e****************************·****·*********···***************************** 
SUBROUTINE USRWRT{T,NL,Q,QD,QDD,PRB) 
COMMON/SAGEDIHOF(SOO),IHOF(SOO),ICOUN 
DIMENSION PRB(NL,I),Q(NL,I),QD(NL,I),QDD(NL,I) 
WRITE( 7,SSS)T,QD(12,1),QD(12,2),QD(12,3) 
WRITE( S,SSS)T,Q(3,1),Q(3,2),Q(3,3) 
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WRITE( 9,888)T,Q(4,1),Q(4,2),Q(4,3) 
WRITE(IO,888)T,Q(5,1),Q(5,2),Q(5,3) 
WRITE(II,888)T,Q(6,1),Q(6,2),Q(6,3) 
WRITE(12,888)T,Q(7,1),Q(7,2),Q(7,3) 
WRITE( 13,888)T, Q(8,1 ),Q(8,2),Q(8,3) 
WRITE(14,888)T,Q(9,1),Q(9,2),Q(9,3) 
WRITE(15,888)T,Q(IO,I),Q(IO,2),Q(IO,3) 
WRITE(l6,888)T,Q(II,I),Q(lI,2),Q(lI,3) 
WRITE(l7,999)T,QDD(l2,1) 
PRlNT*,T 
888 FORMAT(4EIO.3) 
999 FORMAT(2EIO.3) 
RETURN 
END 
e**····*·**·····*···*··**··*··*··*···*··*****····*···*********************** 
SUBROUTINE USRFRC(T,PRB,Q,QD,FRC,QFX,FRCF,NL) 
DIMENSION PRB(NL,I),FRC(NL,I),Q(NL,I),QD(NL,I),QFX(l) 
DIMENSION FRCF(I) 
C IF(T.EQ.O.O)THEN 
C PRlNT*,'ENTER THE MASS OF THE OBJECT TO BE PUSHED' 
C READ*,MYFORCE 
C ENDIF 
C FRC(12,1)=-MYFORCE*9.81*0.4 
C WRITE(31,888)T,FRC(6,1 ),FRC(6,2),FRC(6,3) 
WRITE(3I,888)T,FRC(6,1 )-FRC(7 ,I ),FRC(6,2)-FRC(7 ,2),FRC(6,3) 
888 FORMAT(4EIO.3) 
RETURN 
END 
C*******************'******************************************************** 
SUBROUTlNE USRIDX(lRW,ICL,NZZ,NCS,NL) 
DIMENSION lRW(I), ICL(l) 
NCS=NCS+I 
NZZ=NZZ+I 
lRW(NZZ)=NCS 
ICL(NZZ)=33 
NCS=NCS+I 
NZZ=NZZ+I 
lRW(NZZ)=NCS 
ICL(NZZ)=29 
RETURN 
END 
e****"'****"'****·**·**·****·*"'****·**·*······***·**************************** 
e*··**"''''******'''***···*'''**·*·*·*··***·***···**······*··********************** 
e**·····********·****····**************"'·**·***·**···*********************** 
SUBROUTINE UMFEVL(T,FUN,NCS,AJ,NZZ,FTM,IEV,NL,PRB,Q,A,IA,QFX) 
. DIMENSION FUN( 1 ),AJ( I ),FTM(l ),PRB(NL,I ),A(I ),Q(NL, I ),QFX(l) 
DIMENSION IA(I) 
NCS=NCS+l 
NZZ=NZZ+I 
AJ(NZZ)= 1.0 
PI=3.1416 
GOTO (lOO,200,300),IEV 
100 FUN(NCS)=Q(9,3)-(-PV3 + PV9 * T) 
GOT0400 
200 FUN(NCS)=PV9 
GOT0400 
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300 FUN(NCS)=O 
400 CONTINUE 
NCS=NCS+l 
NZZ=NZZ+l 
AJ(NZZ)=l.O 
PI=3.1416 
GOTO (l 10,210,3 10),IEV 
110 FUN(NCS)=Q(S,3)-(110*PII180-1S*PU180*1) 
GOT041O 
210 FUN(NCS)=-lS*PII180 
GOT041O 
310 FUN(NCS)=O 
410 CONTINUE 
RETURN 
END 
e*··***·*···*****·***·*·******·*********·****·***************************** 
SUBROUTINE USRFLX(T,Q,IBD,NNC,NB,QAD,Vl,FM,QF,NFV,QTEMP,QD,QDD) 
COMMONINY1231NY,NY2,NY3,NF,NZ,NYTOT 
COMMON/SAGEDIHOF(800),IHOF(800),ICOUN 
DIMENSION Q(NB, 1), QAD(I), VI( I ),FM(2, I), QF( I ),FM I (2),FM2(2), 
+ QTEMP(l),QD(NB,I),QDD(NB,I) 
WRlTE(20,888)T, «QAD(31)-QAD(I)-.1793)/.1793*SSO*1339) 
WRlTE(21,999)T, (QAD(I*3-2),I=I, 11) 
888 FORMAT(2EIO.3) 
. 999 FORMAT(I2EIS.IO) 
1233 CONTINUE 
RETURN 
END 
e******·***********·*··**************************·************************** 
SUBROUTINE USRCSR(T,FTM,A,IA,NFFl) 
DIMENSION FlM(NFFT,l),A(l) 
DIMENSION 1A(l) 
RETURN 
END 
e*************************************************************************** 
SUBROUTINE UFLSDA(T,FTM,PRB,Q,QD,NL,FRC,LS,lLS,A,iA,NLSDA) 
DIMENSION PRB(NL,I),FRC(NL,l),LS(NLSDA,l),ILS(NLSDA,l) 
+ ,A(l),IA(I),FlM(l),Q(l),QD(l) 
RETURN 
END 
e******************·******************************************************** 
SUBROUTINE USET (A,IA,NT APE) 
DIMENSION A(l),IA(l) 
RETURN 
END 
e*************************************************************************** 
SUBROUTINE DYNASM(AJ,FN,RB,NB,T,FTIME, W,R,C,RZ,C2,iRN, 
IICN,IRN2,ICN2,IKEEP,IKEEP2,IRS,ICS,IW,MEVAL,IR,IC,IS,NGC, 
2NDEQ,IROW,ICOL,AF,A,IA,NV,NP,MP,Q,QD,QDD,EL,ICQD) 
C..... CALLED BY == DIFEQN == - CALLS= 
MFEV AL,GENCRD,SOL VE,GENFRC,MA TACLIB09020 
COMMONIFIANALlIDYNAM 
COMMONITSTPVTIITEST,ICT 
COMMON ISYSTM41 RELERR,ABSERR,SLIMIT,FLIMIT,EPS2 
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COMMON 1NY123INY,NY2,NY3,NF,NZ,NYTOT 
COMMON IFLEXIBINFB,NMAST 
COMMON IMINTMTIINTRM,IMPLS,ICHECK,ICHKK,IIC 
COMMONIMVCLENILIRN,LICN,LIRN2,LICN2 
DIMENSION IRN(I),ICN(I),IRS(I),ICS(I),IKEEP(I),IRN2(1), 
+ ICN2(1),IKEEP2(l),IW(I),IA(l),IR(I),IC(I),IS(l) 
+ ,NP(I),MP(I),NV(I),IROW(I),ICOL(I),ICQD(I) 
DIMENSION A(I),AJ(I),FN(I),RB(NB,I),FfIME(l),W(I),Q(I) 
+ ,R(I),C(I),R2(I),C2(1),AF(I),QD(I),QDD(I),EL(I) 
COMMONIDECTRUNSTART,NGSKIP,IREPRT,ICONV 
COMMON/STA TICIICOUNT 
COMMON/STARTIIREGEN,JREGEN,IRESCL,JRESCL,NREGEN,MREGEN,JRS, 
I IDISPI(2),IDISP2(2) 
COMMONIMA28GIIDISP(2) 
COMMON/GCFLAGIIMF AC 
C... ..SLIMIT - COMPARE TIIE L2 NORM OF TIIE NORMALIZED POSmON CooRD. 
C..... NEWTON DIFFERENCES TO TEST FOR CONVERGENCE. 
C..... ITMAX - MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR ANY INCREMENT 
c.... .MfYPE - IF .EQ. I, SOLVES A*X=B - IF .NE. I, SOLVES AT*X=B 
C..... SEE SOLVE 
DATA ITMAXI2SI,MfYPE/lI 
EPSC = l.E-03 
IDISP(l)=IDISPI(I) 
IDISP(2)=IDISPI(2) 
U=.I 
NB2=NB+NB 
NB31=NB*3+1 
c..... UPDATE SIN(plfl) AND COS(Plfl) 
DO IS J=I,NB 
Plfl=Q(NB2+J) 
RB(J,14)=SIN(plfl) 
RB(J,15)=COS(plfl) 
IS CONTINUE 
C..... INITIAL MATRIX EVALUATION FOR DETERMINATION OF INDEPENDENT 
C..... GENERALIZED COORDINATES 
MEVAL=I 
C 
CALL MFEV AL(T,RB,NB,NFB,FN,NF,NY,AJ,NZ,FTIME,MEV AL,A.IA,NP,MP,NV) 
IF(lDYNAM.EQ.4)GO TO 9 
C.... DETERMINE TIIE INDEPENDENT GENERALIZED COORDINATES 
IF(IREPRT .EQ. I)NGSKIP=-I 
IMFC=IMFAC 
IF(IDYNAM.EQ.O)IMFC=O 
3200 FORMA T( 10(1)(,14, I)(,I4,3X» 
IF(NGSKIP.EQ. O.AND.IMFC.EQ.O )CALL GENCRD(AJ,IRS,ICS, 
I AF,IROW,ICOL,IRANK.IR,IC,IS,NGC,NSTART,NP,MP,NV,ICQD) 
9 CONTINUE 
C WRITE(6,3000) 
C WRITE(6,3100)NGC,IRANK.NY 
C WRITE(6,3151)(Q(I),I=I,NY) 
C WRlTE(6,3100)(ICOL(IY),IY=I,NY) 
C WRITE(6,3100)(IC(IY),IY=I,NGC) 
3000 FORMAT(/,' GENCRD INFORMATION IN DYNASM') 
3100 FORMAT(l2l10) 
IF(NSTART .NE. O)IREGEN=I 
NSTART=O 
IF(IREGEN.EQ.I) GO TO 11 
SUM=O.O 
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C 
DO lO J=I,NF 
lO SUM=SUM+FN(J)**2 
SUM=SQRT(SUM) 
IF(SUM.L T.SQRT(FLOAT(NF»*EPSq GO TO 60 
11 NFAF=NF 
DO 50 I=I,ITMAX 
C WRJTE(6,7773)I 
7773 FORMAT(IIII,' ITERATIONNUMBER',IlO) 
C.... .THE MATRIX WAS PREVIOUSLY EVALUATED BEFORE CALLING GENCRD 
C..... THEREFORE DO NOT RE-EVALUATE ON FIRST PASS 
c..... EVALUATE THE CONSTRAINT MATRIX AND CONSTRAINT EQUATIONS 
C 
IF(I.GT.I)CALL MFEV AL(T,RB,NB,NFB,FN,NF,NY,AJ,NZ,FTIME,MEV AL, 
+ A,IA,NP,MP,NV) 
C WRITE(6,3lO I)(FN(ISH),ISH= I,NF) 
3lO1 FORMAT(3X,'DYNASM INFORM'.I,9EI2.3) 
C 
C.. .. EVALUATE NEWTON DIFFERENCES FOR DEPENDENT COORDINATES 
C 
C WRJTE(6,3200)(IRS(I),ICS(I),I= I ,NZ) 
CALL SOL VE(AJ,FN,NY,NZ,U, W,R.C,IRN,ICN,IRS,ICS,IW,ITEST, 
lIKEEP,LIRN,LICN,MTYPE,IFLAG,IREGEN,IRESCL,NREGEN,MEVAL) 
C 
C WRJTE(6,727I) 
7271 FORMAT(, NEWTON DIFERENCES') 
C WRITE(6,3151)(FN(ISH),ISH=I,NY) 
3151 FORMAT(9EI2.3) 
C... ..MEV AL=O PREVENTS MATRIX REEV ALUA TION ON SUBSEQUENT ITERATIONS . 
MEVAL=O 
C..... IF CONVERGENCE IS SLOW, REEV ALUA TE MATRIX AND CONTINUE 
IF(MOD(I,3) .EQ. O)MEVAL=I 
C..... SUCCESSFUL LU FACTORIZATION AND FORWARD AND BACK SUBSTITUTION 
IF(lREGEN .EQ. O)GOTO 20 
C..... IF SYMBOLIC LU FACTORIZATION FAILED TERMINATE EXECUTION 
IF(NREGEN .GT. I)GOTO 130 
C.... MUST REGENERATE SYMBOLIC LU FACTORIZATION. MEV AL DIRECTS 
C..... REEV ALUA TION OF A MATRIX BUT NOT CONSTRAINT EQUATIONS (RHS) 
MEVAL=I 
GOT050 
20 ETS=O.O 
C..... UPDATE THE STATE VECTOR ARRAY AND CHECK FOR CONVERGENCE 
C 
DO 30 J=I,NY 
C... ..FN CONTAINS NEGATIVE VALUES OF POSITION NEWTON DIFFERENCES 
Q(J)=Q(J)-FN(J) 
ET=FN(J)**2 
IF(ABS(Q(J).GT.1.0)ET=ET/(Q(J)**2) 
ETS=ETS+ET 
30 CONTINUE 
C..... UPDATE SIN(PID) AND COS(pHJ) 
D040J=I,NB 
PID=Q(NB2+J) 
RB(J,14)=SIN(pID) 
RB(J,15)=COS(pID) 
40 CONTINUE 
ETS=SQRT(ETS) 
C WRITE(6,3lOl)ETS 
C..... IF THE NEWTON ITERATION HAS CONVERGED, EXIT AND CONTINUE 
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IF(ETS .LT. SQRT(FLOAT(NY»*EPSC) GOTO 60 
C..... PERIODICALLY CAUSE THE MATRIX TO BE RESCALED TO CHECK FOR SMALL 
C.... PIVOTS. 
ICT=ICT+I 
IF(MOD(ICT,25) .EQ. O)ITEST= 1 
IF(lTEST .EQ. I)MEVAL=I 
50 CONTINUE 
WRJTE(6 ,1030) 
1030 FORMAT(77H-CONVERGENCE FAILED. CHECK INPUT DATA AND USER SUPPLIED 
SCONSTRAINT EQUATIONS.) 
STOP 
60 IDISPI(l)=IDISP(l) 
IDISPI(2)=IDISP(2) 
IF(lCOUNT.NE.O)RETURN 
C.... .UPDATE THE CONSTRAINT JACOBIAN MATRIX BUT NOT THE RHS 
C 
C 
C..... PLACE INDEPENDENT GENERALIZED VELOCITIES INTO APPROPRIATE 
C..... ROWS (ENTRIES OF FN) 
DO 65 I=I,NY 
FN(I)=O.O 
65 CONTINUE 
MEVAL=2 
CALL MFEV AL(T,RB,NB,NFB,FN,NF,NY,AJ,NZ,FTIME,MEV AL,A,IA,NP,MP,NV) 
IF(lDYNAM.EQA)GO TO 75 
DO 70 I=I,NGC 
FN{IR(I»=QD(IC(I» 
70 CONTINUE 
75 CONTINUE 
NDEQ=NGC+NGC+NV(l7) 
C... ..EV ALUA TE THE DEPENDENT VELOCITIES 
C 
CALL SOL VE(AJ,FN,NY,NZ,U, W,R,C,IRN,ICN,IRS,ICS,IW,ITEST, 
lIKEEP,LIRN,LICN,MTYPE,IFLAG,IREGEN,IRESCL,NREGEN,MEVAL) 
C 
C.... TRANSFER VELOCITIES INTO THE STATE VECTOR ARRAY 
D080J=I,NY 
QD(J)=FN(J) 
80 CONTINUE 
IDISPI(l)=IDISP(l) 
IDISP1 (2)=IDISP(2) 
IDISP(I)=IDISP2(l) 
IDISP(2)=IDISP2(2) 
C. . ... EVALUATE GENERALIZED FORCES RETURNED IN QDD TO EL 
C 
CALL GENFRC(T,FTIME,QDD,NB,NFB,RB,Q,QD,A,IA,NV,NP,MP,QDD(NB31» 
C 
U=.IO 
C.... .MEV AL=3 FORCES EVALUATION OF CONSTRAINT MATRIX AND QTILDA2 
MEVAL=3 
C 
C 
90 CALL MFEV AL(T,RB,NB,NFB,EL,NF,NY,AJ,NZ,FTIME,MEV AL,A,IA,NP,MP,NV) 
NZ=NZ-NY+NF 
C ..... CONSTRUCT THE ACCELERATION MATRIX FROM THE CONSTRAINT JACOBIAN 
C.... .MA TRIX, ITS TRANSPOSE AND THE MASS MATRIX. SEE SUB. MAT ACC. 
NZF=NZ*2+ 3*(NB-NFB)+NMAST+ 1 
C 
C WRJTE(6,8888) IMPLS 
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8888 FORMA T('»>>>>>>>>>> DYNASM .. IMPLS·.IS) 
IF(IMPLS .NE. I) GO TO 9S 
NZF=NZF+12 
JREGEN=I 
9SCONTINUE 
C 
CALL MATACC(AJ,NZ,NY,NF,NZA,NY A,NFA,NB,NFB,RB,IRN2 
1 ,IRN2(NZF),IRS,ICS,JRS,IA(MP(3»,A,IA,NP,MP,Q,QDD,NV) 
C 
CCC WRlTE(6, 11I7)(QDD(I),I=I,NY A) 
1117 FORMAT(, FROM DYNASM->QDD:·,1,IOFIO.3) 
IF(IMPLS .NE. I) GO TO 7216 
WRlTE(6,5747) (QD(l),I=NB31,NY) 
S747 FORMAT(, ••• MODAL VEL BEFORE IMPACT= ·,E13.6) 
NZFMl=NZF-1 
DO 7215 I=I,NZA 
C WRlTE(6,1I18) AJ(I),IRN2(I),IRN2(NZFMI+I) 
72IS CONTINUE 
1118 FORMAT(2X,EI2.5,2I10) 
7216 CONTINUE 
C WRlTE(6,SO 10) 
C WRITE(6,315 I)(FN(ISH),ISH= I,NY) 
C WRlTE(6,SOIl) 
C WRITE(6,3 IS 1)(AJ(lSH),ISH=I,NZA) 
SOlO FORMAT(, GENERALIZED FORCES IN DYNASM') 
SOli FORMATC ACCELERATION MATRIX IN DYNASM') 
NZFP = NZA+NZF-I 
C WRlTE(6,9000)(IRN2(I),I=NZF,NZFP) 
9000 FORMAT(l2II0) 
C ....................................................... . 
C.... EVALUATE THE ACCELERATIONS AND LAGRANGE MULTIPLIERS 
C 
C 
CALL SOLVE(AJ,QDD,NYA,NZA,U,W,R2,C2,IRN2,ICN2,IRN2, 
IIRN2(NZF),IW,ITEST,IKEEP2,LIRN2,LICN2,MTYPE,IFLAG,JREGEN, 
2JRESCL,MREGEN,MEV AL) 
IF(IMPLS .NE. I) GO TO 98 
DO 94 I=I,NY 
QD(I)=QD(l)+QDD(I) 
94 CONTINUE 
JREGEN=I 
JRS =1 
NYI=NY+I 
NY2=NY+NF 
WRlTE(6,7372) 
DO 300 J=I,NB 
WRlTE(6,7373)J 
DO 300 K=I,3 
JK=(K-I)'NB+J 
WRITE(6,7376) QDD(JK) 
300 CONTINUE 
IF(NFB .EQ. 0) GO TO 71 -
NB31 =NB'3+ I 
WRlTE(6,737I) 
WRITE(6,7376)(QDD(I),I=NB31,NY) 
7371 FORMAT(/,' ••• JUMP IN MODAL VELOCITIES OF FLEXIBLE BODIES:') 
71 WRlTE(6,7374) (QDD(I),I=NYI,NY2) 
WRlTE(6,737S) QDD(NY A) 
7372 FORMA T(/,' ••• SOLUTION VECTOR OF IMPLUS-MOMENTUM EQUTION •••• 
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+ /,' **************************************************') 
7373 FORMAT(/,' •• * JUMP IN VELOCITY VECTOR OF BODY NO(',I2,') =') 
7374 FORMAT(/,' •• * IMPULSE OF LAGRANGE MULTIPLIERS :',7X,2E13.6) 
?375 FORMAT(/,' .** GENERALIZED IMPULSE DUE TO IMPACT =',E13,6,1, 
+ '*****************************************************',If) 
7376 FORMAT(45X,E13.6) 
RETURN 
98 CONTINUE 
C.... .ALLOW ACCELERATION MATRIX ROW AND COL POINTER RESTORATION ONLY 
C.... . WHEN DESTROYED BY SPARSE MATRIX ALGORITHMS 
IF(MREGEN .NE. 0 .OR. JREGEN .EQ. I)JRS=I LID 1 1620 
C..... IF LU FACTORIZATION, AND FORWARD AND BACK SUBST. WERE SUCCESSFUL 
IF(JREGEN .EQ. O)GOTO 100 
C. ...IFLUFACTORIZATIONFAILED 
IF(MREGEN .GT. 2)GOTO 130 
C.... .REEV ALUA TE MATRIX ONLY, SINCE DESTROYED BY LAST FACT. ATTEMPT 
MEVAL=2 
C.. ..IF SOLVE CALLS FOR A SECOND CODE REGEN. OBTAIN BEST POSSIDLE 
C 
IF(MREGEN .EQ. 2)U=.9999 
GOT090 
100 IDISP2(l)=IDISP(I) 
IDISP2(2)=IDISP(2) 
C .... CALCULATE THE REACTION FORCES ..... 
C 
CALL MFEV AL(T,RB,NB,NFB,FN,NF,NY,AJ,NZ,FTIME,2,A,IA,NP,MP,NV} 
IF(IREPRT.NE.O)CALL REACTN(T,AJ,AF, W,EL,IRS,ICS,NB,NY,NF,NZ) 
IF(lREPRT .NE. O)CALL REPORT(T .RB,NB,NF,IR,IC,NGC, 
+ Q,QD,QDD,EL,W,A,IA,NP,MP,NV,NY) 
IREPRT=O 
RETURN 
130 WRlTE(6,1000) 
1000 FORMA T(32H FAILED TO REGENERATE CODE ) 
STOP 
END 
C*************************************************************************** 
SUBROUTINE REACTN(T,AJ,AF,W,EL,IRS,ICS,NB,NY,NF,NZ) 
DIMENSION EL(I),AJ(l),IRS(I),ICS(I),AF(NY,I),W(I) 
DO 10 I=I,NY 
DO 10 J=I,NF 
AF(I,J) = o. 
10 CONTINUE 
DO 20 K=I,NZ 
1 = IRS(K) 
J = ICS(K) 
AF(J,I) = AJ(K) 
20 CONTINUE 
DO 40 1 =I,NY 
W(I)=O. 
D030J=I,NF 
W(I) = AF(I,J)*EL(J)+W(I) 
30 CONTINUE 
40 CONTINUE 
C WRlTE(6,4000) 
C WRlTE(6,3000)(EL(J),J=I,NF) 
C4000 FORMA T(' LAGRANGE MULTIPLIERS') 
C WRlTE(6,3100) 
C WRlTE(6,3200)IRS(13),ICS(l3),AF(3,3) 
C3200 FORMAT(2I10,EIO.3) 
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C WRITE(6,3000)(AJ(lJ),U= 1 ,NZ) 
C WRITE(6,3000)«AF(I,J),J=I,NF),I=I,NY) 
C WRITE(30,3000)(W(lJ),IJ=I,NY) 
C3000 FORMAT(36EJO.3) 
C3100 FORMA T(, REACTION FORCES IN REACT') 
C WRITE(30,3000)T, W(6), W(l8), W(30) 
C3000 FORMA T(4EI0.3) 
RETURN 
END 
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